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Abstract 
Thermoelectric materials have attracted a lot of research interests because of their 
promising applications in solid-state cooling and power generation.  The performance of 
a thermoelectric device is directly related to the dimensionless thermoelectric figure-of-
merit (ZT) of the material, defined as ZT = S2σ/κ.  The low ZTs of the current available 
thermoelectric materials have restricted the device efficiency, and thus the wide 
application of the thermoelectric technique.  However, recently, remarkable progress in 
improving thermoelectric properties has been achieved in the superlattices, quantum dots 
and nanowires, mainly due to the reduced thermal conductivity.   
Inspired by the nanostructuring idea, nanocomposite approach was proposed.  
Nanocomposite is a material with high density of interfaces but does not necessarily have 
a specific geometry or structure.  While phonons are strongly scattered at the grain 
boundaries, there is only small affect on charge carrier transport.  Therefore, one can 
significantly reduce the lattice thermal conductivity without affecting the power factor 
S2σ, resulting in higher ZT.  In this work, nanocomposite bulk materials are synthesized 
	  
	  
by a technique based on ball milling and hot pressing.  Compared to the expensive thin 
film superlattice fabrication techniques, the cost of the nanocomposite technique is much 
lower.  It provides a practical path to synthesize bulk materials in large-scale and to 
integrate the nanostructured bulk materials into thermoelectric cooling and power 
generation devices.   
This thesis covers my studies on Si1-xGex, In4Se3-x and Zn4Sb3 nanocomposites.  
The nanocomposite approach was first applied to n-type pure Si.  Since there is no point 
defect scattering from Ge in pure Si, hence it provides an opportunity to study the 
scattering of grain boundaries.  Compared to polycrystalline n-type Si, ZT has been 
improved by more than 100% in the nanostructured Si.  While nanograins significantly 
increase the scattering of the phonons with long wavelengths, point defect scattering, 
caused by alloying Ge into Si, is more effective in scattering phonons with wavelengths 
of less than 1 nm.  By adding 5% into the n-type Si, a peak ZT of 0.95 at 900 oC is 
achieved in the nanostructured n-type Si95Ge5, which is as good as good as conventional 
Si80Ge20 alloys, while the cost of the material is greatly reduced.  Furthermore, the effects 
of doping level, ball milling time and Ge ratio on the thermoelectric properties of Si1-xGex 
are explored.  
Motivated by recent discovery of the low thermal conductivity in single In4Se3, 
we used the nanocomposite approach to synthesize In4Se3-x with different Se deficiency 
concentrations.  We showed that both the electrical conductivity and bandgap of In4Se3-x 
can be effectively modified by controlling Se deficiency concentration.  An extremely 
	  
	  
low thermal conductivity of only 0.41 Wm-1K-1 was observed in In4Se2.2 at 425 oC, 
leading to a peak ZT of about 1, which is 50% higher than that reported for 
polycrystalline In4Se3. 
The nanocomposite approach has also been applied to synthesize Zn4Sb3 
compounds.  The secondary phase effects on the thermoelectric properties of Zn4Sb3 are 
carefully studied, and a peak ZT of 1.3 was obtained at 400 oC.  Nano sized inclusions 
caused by Zn diffusion are identified by TEM studies, which allows us to further 
understand the phonon scattering mechanism of Zn4Sb3 besides the well-know interstitial 
sites scattering.  
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Chapter 1   
Introduction 
1.1    Introduction to Thermoelectrics   
Beginning around the early 90s, energy and environment concerns regarding 
refrigerant fluids have become some of the most critical issues.  The need for sources of 
energy other than fossils has sparked research activities into alternative energy solutions.  
One of the energy conversion technologies that has received renewed attention is 
thermoelectric energy conversion.[1]  Thermoelectric effect is the direct conversion 
between thermal energy and electricity.  By using thermoelectric power generation, heat 
is converted directly into electricity.  Besides their applications for power generation, 
thermoelectric devices can be also used for refrigeration.[1]-[4]  Thermoelectric cooling 
is one of the most established refrigeration technologies.   Thermoelectric devices do not 
use any moving parts or environmentally harmful fluids, thus they are simple, reliable 
and environmentally friendly.  Some of the cooling applications include car seat coolers, 
temperature control for semiconductor lasers, and compact solid state refrigerators.[4]  
Thermoelectric devices are extensively used in fields as space missions and many cooling 
applications.  Almost all the space probes sent beyond Mars use radioisotope 
	   2	  
thermoelectric generator (RTG).[1][4]  Many RTGs have been operating for more than 
twenty years, which is a testament to the reliability of thermoelectric devices.  
However, thermoelectric devices are still not commonly used today.  This is 
because they have a relatively low efficiency mainly due to the low figure of merit (ZT) 
of the thermoelectric materials,[4] and it is engineering challenging to make 
thermoelectric devices for general applications.  This situation will change soon.  
Thermoelectric research has been making remarkable progress in improving materials 
properties in the past 10 – 15 years.[5]-[12]  Many materials systems exhibit enhanced ZT, 
and most of them have broken the ZT barrier of 1 which was the highest ZT of any 
materials for almost 50 years. 
There’re two main approaches to obtain materials with enhanced ZT values.  One 
focuses on discovering or creating new complex materials.  Scientists try to synthesize 
bulk materials with desired properties.  These materials usually have complex crystal 
structures.[13]  An example of these complex materials is the skutterudites class material.  
Skutterudites, such as CoSb3, contain corner-sharing CoSb6 octahedra, which can be 
viewed as a distorted variant of the ReO3 structure.  These tilted octahedral create void 
spaces that can be filled with other materials, thus the lattice thermal conductivity can be 
reduced.[14]   
The other approach is to make nanostructured or low-dimensional system 
materials.[6]-[10],[15]-[16]  This idea was first proposed by Hicks and Dresselhaus in 
1993.[17]  They theoretically showed that by making low-dimensional structure, one can 
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obtain significant increase in electrical properties that are not likely possible in bulk 
materials.  Later, other scientists theoretically showed that it is possible to reduce lattice 
thermal conductivity significantly by using nanostructured materials.[15][16][18]  
Inspired by works of theorists, research scientists started to fabricate quantum dots (0D), 
nanowires (1D), superlattices (2D) structured thermoelectric materials.  A number of 
studies reported high ZT values using nanostructures, such as superlattice Bi2Te3/Sb2Te3 
[6] and quantum-dot superlattice PbSe0.98Te0.02/PbTe.[7]  In these studies, the ZT 
enhancement in nanostructure materials was mostly due to their low thermal conductivity, 
which is attributed to phonon scattering by the large density of interfaces.  Another 
nanostructure approach introduces nanoscale constituents, which can increase Seebeck 
coefficient S or power factor S2σ by filtering out low energy electrons.[19]  However, a 
net increase in ZT by this approach has not been confirmed yet.   
Modeling of phonon transport in superlattices indicated the reduced lattice 
thermal conductivity, which is the primary benefit from nanostructure does not require an 
atomically perfect interface or any kind exact geometry.[15]  All that required is a high 
density of interfaces,[20] so that the thermal conductivity would be reduced more than 
the electrical conductivity, based on differences in their respective scattering lengths.[21]  
This discovery led to the idea of the nanocomposite approach, which is the focus of my 
study.  Nanocomposite is a material with high density of interfaces but does not 
necessarily have a specific geometry or structure.  Nanocomposite thermoelectric 
materials offer a promising approach for the fabrication of bulk samples with 
nanostructured constituents.  This idea significantly simplified the fabrication process and 
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allowing the materials to be scaled up for commercial applications.  Before I get into 
more details about nanocomposite approach, I will first take a brief review of some basic 
thermoelectric phenomena and principles.  
 
1.2    Thermoelectric Effects and Principles   
1.2.1    Thermoelectric Effects 
When a material is subjected to a temperature gradient, an electrical field is 
created in the opposite direction.  Conversely, when a voltage is applied to a material, a 
temperature gradient is created.  These phenomena are called thermoelectric effects.  
Although the effect were discovered in early 19th century, it took almost one and a half 
centuries to apply these effect in thermoelectric energy conversion and refrigeration 
applications with a reasonable efficiency.  Generally, there are three separately identified 
thermoelectric effects, the Seebeck effect, the Peltier effect and the Thomson effect.   The 
principles of these thermoelectric effects and how are they related to the performance of 
the new thermoelectric materials will be discussed and reviewed in this chapter. 
 
1.2.2    Seebeck Effect 
Thermoelectric materials are capable of converting heat directly into electricity.  
They are based on the Seebeck effect which is discovered by Thomson Johann Seebeck 
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in 1821.  Seebeck showed that a compass needle is deflected when a temperature gradient 
is imposed on two different metals that are electrically connected in a loop.  The compass 
deflection was due to moving charges caused by the T gradient.  The current traveling in 
a loop produces a magnetic field in the direction given by the right hand rule.  The 
interaction between the magnetized compass needle and the magnetic field about the wire 
results in the needle deflection. 
Seebeck effect can be explained with reference to a thermocouple shown below.  
It can be consider as a circuit formed from two different metals, a and b, which are 
connected electrically in series but thermally in parallel.  If there is a temperature 
difference between junctions A and B, charge carriers, electrons or holes, diffuse from 
the hot side to the cold side creating an electric field.  In an open circuit, a voltage V is 
developed between C and D.  Seebeck coefficient is defined as  
S = - V/ΔT                      (1.1) 
      
                                  
                                               Figure 1.1  Seebeck effect. 
A physical explanation for the Seebeck effect can be understood in a simple way.  
Charge carriers at the hot side of the material have more thermal energy than the carriers 
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at the cold side, causing a net diffusion of mobile carriers to the cold side.  Since there are 
more mobile carriers at the cold side than the hot side, the inhomogeneous charge 
distribution forms an electrical field opposite to the diffusion.  If the materials are in an 
open circuit, equilibrium will be reached when the rate at which carriers move from the 
hot side to the cold side due to thermal diffusion is balanced by the rate at which carriers 
move from the cold side to the hot side due to the electrical field.  Thus, in this 
equilibrium, an electrical potential will form in response to a temperature gradient.  This 
electrical potential is known as the Seebeck voltage, and the amount of voltage generated 
per unit temperature gradient is called the Seebeck coefficient. 
 
1.2.3    Peltier Effect 
Thermoelectric materials can be used for refrigeration as well.   They are based on 
the Peltier effect which is discovered by Jean Charles Athanase Peltier in 1834.  Peltier 
effect is basically the reverse of Seebeck effect.  When an electric current flows through a 
junction between two different metals, a and b, as shown in Figure 1.2, a rate of heating q 
occurs at one junction between a and b and a rate of cooling – q occurs at the other 
junction.  The ratio of I to q defines the Peltier coefficient give by  
                                                                                   (1.2) 
 is positive if A is heated and B is cooled.  
Iqab /=Π
abΠ
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                                                Figure 1.2  Peltier effect. 
 
1.2.4    Thomson Effect 
The Thomson effect relates to the rate of generation of reversible heat q which 
results from a current flowing through a conductor along which there is a temperature 
gradient.  The gradient of the heat flux is give by 
                                                                                                          (1.3) 
where x is a spatial coordinate. 
The Thomson coefficient can be defined as 
                                                                              (1.4) 
dx
dTI
dx
dq
τ=
dxdTI
dxdq
/
/
⋅
=τ
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1.2.5    The Kelvin Relationships 
The above three separately identified thermoelectric effects are related by the 
Kelvin relationships. 
                                                                                     (1.5) 
and                                                                                                                   (1.6) 
 
1.2.6    Dimensionless Thermoelectric Figure-of-merit 
The maximum efficiency of a thermoelectric material for both power generation 
and refrigeration is determined by its dimensionless figure-of-merit, 
                                                                                 (1.7) 
where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal 
conductivity and T is the absolute temperature.  	  is referred to as the power factor.   
A good thermoelectric material requires a high Seebeck coefficient, electrical 
conductivity and a low thermal conductivity.  The best thermoelectric material was 
termed a “phonon glass, electrical crystal”, because it would have a low thermal 
conductivity, as in a glass, but have an excellent electrical conductivity, as in a crystal.  
TS ⋅=Π
dT
dST=τ
TSZT
κ
σ2
=
σ2S
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However, this kind ideal material doesn’t exist in nature, and optimizing all the parameter 
turns out to be very difficult because all properties are interdependent.  For example, if 
we increase the carrier concentration to get high electrical conductivity, it will also 
decrease the Seebeck coefficient and increase the electronic contribution to the thermal 
conductivity κe, which are both unfavorable changes in Equation (1.7).  This type of 
dilemma is illustrated in Figure 1.3, and it is why the maximum of ZT of any 
thermoelectric material was stuck at ~1 for about fifty years. 
 
Figure 1.3  Thermoelectric properties as a function of carrier concentration.[13] 
Form Figure 1.3, we can clearly see that metals have very high electrical 
conductivity, but very high thermal conductivity and very low Seebeck coefficient as 
well.  Insulators are the opposite, having very low electrical conductivity but also very 
low thermal conductivity.  The best thermoelectric materials discovered so far are heavily 
doped semiconductors. 
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!e Lorenz factor can vary particularly with carrier concentration. 
Accurate assessment of κe is important, as κl is o"en computed as the 
di#erence between κ and κe (equation (3)) using the experimental 
electrical conductivity. A common source of uncertainty in κe occurs 
in low-carrier-concentration materials where the Lorenz factor can be 
reduced by as much as 20% from the free-electron value. Additional 
uncertainty in κe arises from mixed conduction, which introduces 
a bipolar term into the thermal conductivity10. As this term is not 
included in the Wiedemann–Franz law, the standard computation of 
κl erroneously includes bipolar thermal conduction. !is results in 
a perceived increase in κl at high temperatures for Bi2Te3, PbTe and 
others, as shown in Fig. 2a. !e onset of bipolar thermal conduction 
occurs at nearly the same temperature as the peak in Seebeck and 
electrical resistivity, which are likewise due to bipolar e#ects.
As high zT requires high electrical conductivity but low thermal 
conductivity, the Wiedemann–Franz law reveals an inherent materials 
con$ict for achieving high thermoelectric e%ciency. For materials 
with very high electrical conductivity (metals) or very low κl, the 
Seebeck coe%cient alone primarily determines zT, as can be seen in 
equation (4), where (κl/κe) << 1:
 
2 
1 +
 = l
е  
.
 
(4)
LATTICE THERMAL CONDUCTIVITY
Glasses exhibit some of the lowest lattice thermal conductivities. In 
a glass, thermal conductivity is viewed as a random walk of energy 
through a lattice rather than rapid transport via phonons, and leads 
to the concept of a minimum thermal conductivity22, κmin. Actual 
glasses, however, make poor thermoelectrics because they lack the 
needed ‘electron-crystal’ properties — compared with crystalline 
semiconductors they have lower mobility due to increased electron 
scattering and lower e#ective masses because of broader bands. 
Good thermoelectrics are therefore crystalline materials that manage 
to scatter phonons without signi&cantly disrupting the electrical 
conductivity. !e heat $ow is carried by a spectrum of phonons with 
widely varying wavelengths and mean free paths23 (from less than 
1 nm to greater than 10 µm), creating a need for phonon scattering 
agents at a variety of length scales.
!ermoelectrics therefore require a rather unusual material: a 
‘phonon-glass electron-crystal’24. !e electron-crystal requirement 
stems from the fact that crystalline semiconductors have been 
the best at meeting the compromises required from the electronic 
properties (Seebeck coe%cient and electrical conductivity). !e 
phonon-glass requirement stems from the need for as low a lattice 
thermal conductivity as possible. Traditional thermoelectric materials 
have used site substitution (alloying) with isoelectronic elements to 
preserve a crystalline electronic structure while creating large mass 
contrast to disrupt the phonon path. Much of the recent excitement in 
the &eld of thermoelectrics is a result of the successful demonstration 
of other methods to achieve phonon-glass electron-crystal materials.
ADVANCES IN THERMOELECTRIC MATERIALS
Renewed interest in thermoelectrics is motivated by the realization 
that complexity at multiple length scales can lead to new 
mechanisms for high zT in materials. In the mid 1990s, theoretical 
predictions suggested that the thermoelectric e%ciency could 
be greatly enhanced by quantum con&nement of the electron 
charge carriers5,25. !e electron energy bands in a quantum-
con&ned structure are progressively narrower as the con&nement 
increases and the dimensionality decreases. !ese narrow bands 
should produce high e#ective masses and therefore large Seebeck 
coe%cients. In addition, similar sized, engineered heterostructures 
may decouple the Seebeck coe%cient and electrical conductivity 
due to electron &ltering26 that could result in high zT. Even 
though a high-ZT device based on these principles has yet to be 
demonstrated, these predictions have stimulated a new wave of 
interest in complex thermoelectric materials. Vital to this rebirth has 
been interdisciplinary collaborations: research in thermoelectrics 
0
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Figure 1 Optimizing zT through carrier concentration tuning. a, Maximizing the 
efficiency (zT) of a thermoelectric involves a compromise of thermal conductivity 
(κ; plotted on the y axis from 0 to a top value of 10 W m–1 K–1) and Seebeck 
coefficient (α; 0 to 500 µV K–1) with electrical conductivity (σ; 0 to 5,000 Ω–1cm–1). 
Good thermoelectric materials are typically heavily doped semiconductors with a 
carrier concentration between 1019 and 1021 carriers per cm3. The thermoelectric 
power factor α2σ maximizes at higher carrier concentration than zT. The difference 
between the peak in α2σ and zT is greater for the newer lower-κl materials. Trends 
shown were modelled from Bi2Te3, based on empirical data in ref. 78. b, Reducing the 
lattice thermal conductivity leads to a two-fold benefit for the thermoelectric figure of 
merit. An optimized zT of 0.8 is shown at point (1) for a model system (Bi2Te3) with 
a κl of 0.8 Wm–1 K–1 and κe that is a function of the carrier concentration (purple). 
Reducing κl to 0.2 Wm–1 K–1 directly increases the zT to point (2). Additionally, 
lowering the thermal conductivity allows the carrier concentration to be reoptimized 
(reduced), leading to both a decrease in κe and a larger Seebeck coefficient. The 
reoptimized zT is shown at point (3).
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1.2.7    Thermoelectric Devices  
Thermoelectric devices contain many thermoelectric couples consisting of n-type 
and p-type thermoelectric legs connected electrically in series and thermally in parallel.  
A typical thermoelectric device is shown in Figure 1.4(a).   
 
Figure 1.4  A typical thermoelectric device (a), schematic of thermoelectric power 
generation (b),  and schematic of thermoelectric refrigeration (c). 
For power generation applications, modules are subjected to a temperature 
gradient over the length of the legs and wired to a circuit as shown in Figure 1.4(b).  The 
efficiency of a thermoelectric power generation device is defined as the ratio of the 
electrical energy supplied to the load (w) to the heat energy absorbed at the hot junction 
(q).  Consider the simplest generator consisting of a single thermocouple with one n- and 
p-type legs as shown in Figure 1.4(b). 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (1.8) 
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where K is the thermal conduction of n- and p-type legs in parallel and R is the series 
resistance of both legs. 
Let  to get the maximum η.  The maximum power output is 
                          (1.9) 
where  is the average temperature, and Z is the figure-of-merit given by 
                                                                                             (1.10) 
Thermoelectric cooling is the reverse process of thermoelectric power generation.  
The simplest thermoelectric cooling device is illustrated in Figure 1.4(c). The 
performance of thermoelectric cooling is measured by the coefficient of performance 
(CoP) , which is ratio of the cooling power ( ) divided by the rate at which electrical 
power (w) is supplied.  
                                              (1.11) 
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From the above equation, we can see that the coefficient of performance for a given 
temperature difference 	  is dependent on the current I.  Similarly, by optimizing the 
current , we can get the maximum coefficient of performance 
                                                          (1.12) 
There is one thing need to point out is that Z for the thermoelectric unicouple 
discussed above is not a fixed quantity, but depends on the relative dimensions of the n- 
and p-type legs.  It is maximized when 
                                                                              (1.13) 
and the maximized figure of merit for the unicouple is   
                                                               (1.14) 
Thus, when selecting thermoelectric device materials, one can maximize Z simply by 
choosing the best n- and p-type materials according to their individual Z defined by 
Equation (1.10). 
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1.3    Transport of Electron and Heat 
1.3.1    Electrical Conductivity 
A general expression for electrical conductivity can be derived from the 
Boltzmann transport equation (BTE).  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(1.15) 
where σ is the electrical conductivity, τ is the relaxation time, v(k) is the electron group 
velocity, and 	  is the Bose-Einstein distribution.  Note that the temperature dependence 
of electrical conductivity comes from . 
In the simplest case, for intrinsic ( E !EF >> kBT ) and non-degenerate 
semiconductors with parabolic bands ( E = !2k2 / 2m* ), the Fermi-Dirac distribution 
function can be simplified as 
f0 (E) =
1
exp((E !EF ) / kBT )+1
" exp(!E / kBT )exp(! EF / kBT )            (1.16) 
Substitution into equation (1.15) yields 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(1.17) 
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1.3.2    Seebeck Coefficient 
For intrinsic and non-degenerate semiconductors with parabolic bands, a general 
expression for the Seebeck coefficient can be obtained as 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(1.18) 
This can be further simplified as 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (1.19) 
From Equation (1.19) we can see that Seebeck coefficient is proportional to 
.  It is possible to enhance the Seebeck coefficient S or power factor by 
introducing appropriate barriers in the form of interfaces that restrict the energy of the 
carriers entering a material.  At interfaces, carriers with a mean energy substantially 
above the Fermi level EF can pass through the energy barrier at the interface. Thus 
Seebeck is enhanced.[19][22]  This is the basic idea for the energy filtering approach.  
For metals, or non-degenerate semiconductor with parabolic band and energy 
independent approximation, Seebeck coefficient can be written as  
                                                            (1.20) 
where n is the carrier concentration and m* is the effective mass of the carrier.[23] 
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Equation (1.20) shows the interrelationship between Seebeck coefficient and 
carrier concentration.  Compared to metals, insulators and some semiconductors have 
relatively large Seebeck coefficient due to the low carrier concentration.  
    
1.3.3    Thermal Conductivity 
Thermal conductivity is a very important parameter in determining the 
thermoelectric properties of a material.  The thermal conductivity of a material is 
typically composed of two parts, the electronic and lattice thermal conductivity. 
                     (1.21) 
The electronic thermal conductivity  is proportional to the electrical 
conductivity and temperature as often estimated by Wiedemann-Franz law [24]. 
          (1.22) 
where L is known as the Lorenz number. 
Theoretically, Lorenz number is constant for metals and it is equal to   
L = !
2kB2
3e = 2.44!10
"8  WΩK-2                   (1.23) 
For semiconductors, the Lorenz number depends on the Fermi level.[25]  In non-
degenerate semiconductors, the electronic part of the thermal conductivity is small 
pe κκκ +=
eκ
TLe σκ =
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because of the relatively low carrier density.  But good thermoelectric materials are 
usually heavily doped semiconductors with a non-negligible electronic contribution.   
In most semiconductors, the dominant contribution to the thermal conductivity 
comes from the lattice part.  Phonons are the quantized normal modes of lattice vibrations.  
In bulk material, the superposition of phonon waves leads to wave pockets carrying 
energy/ heat at a group velocity.  By using BTE and the single-mode relaxation time 
approximation,[26][27] a general expression for the lattice thermal conductivity can be 
derived as 
                 (1.24) 
where 	  is the specific heat at each frequency , D is the phonon density of states, 	  
is the Bose-Einstein distribution, v is the phonon group velocity, 	  is the phonon 
relaxation time, and  is the maximum phonon frequency.  The above expression is 
very similar to the kinetic theory for the thermal conductivity of gases 
 
	   	   	   	   	   	   	   	   	  	  	  	  
(1.25) 
where l is the mean free path of the gas molecules.  The difference is that Equation (1.24) 
takes into consideration phonon energy at different frequencies and the different 
polarization of phonons.   
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1.4    Scattering Processes in Semiconductors 
One can calculate the thermal conductivity from Equation (1.24), the density of 
states and the group velocity are derived from the phonon dispersion relation between the 
phonon frequency and the wave vector.  The dispersion relation can be computed by 
considering only the harmonic force interactions among atoms and it is relatively 
straightforward.  However, it is more difficult to evaluate the phonon relaxation time, 
which is determined by the anharmonic force interaction among atoms.  Different 
scattering processes, such as alloy scattering, phonon-boundary scattering, phonon-
phonon scattering [28] may dominate at different temperatures or coexist at other 
temperatures.  
The total relaxation time from different scattering processes can be obtained from 
the Mathiessen rule [26], 
	   	   	   	   	  	  	  	  
(1.26) 
where  , ,  is the relaxation time of alloy, phonon-phonon, phonon-
boundary scattering.   
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1.4.1    Alloy Scattering and Point Defect-phonon scattering 
 One of the most thoroughly understood mechanisms related to defect scattering is 
based on mass difference scattering.  The usefulness of alloy disorder in solid solutions in 
thermoelectric materials was realized long time ago.  The reduction of the phonon mean 
free path in by alloys or point defect can be described in terms of mass difference 
scattering with the corresponding phonon relaxation time,[29] 
	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(1.27) 
where V0 is the average atomic volume, Г is a measure of the strength of the scattering, 
and vs is the average sound/phonon velocity.  Note that the alloy scattering or point defect 
scattering follows the familiar Rayleigh law 
                           (1.28) 
 
1.4.2    Phonon-phonon Scattering 
Phonon-phonon scattering can be further divided into the normal and umklapp 
scattering.  In the normal scattering (N-process), both the energy and momentum are 
conserved, while phonon momentum is not conserved in the umklapp scattering (U-
process).   Thus, the resistance to the heat flow is caused by the umklapp process.[26]  
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Although the normal scattering process does not create resistance to the heat flow, it 
participates in the redistribution of phonons.[30] 
From the second order perturbation theory, the relaxation time for umklapp 
scattering at temperatures is,[31] 
            (1.29) 
where  is the Grüneisen anharmonicity parameter, 	  is the shear modulus, V0 is the 
atomic volume, and 	  is the Debye frequency.  Since umklapp processes vary with  
while normal processes vary linearly with , umklapp scattering dominates at high 
frequency. 
 
1.4.3    Phonon-boundary Scattering 
Boundary scattering is an important scattering process.  The decrease of the 
thermal conductivity at low temperatures is known to be caused by boundary scattering, 
which could be approximated as temperature independent.  However, later, it was found 
out that boundary scattering could be also significant at high temperatures.[32]   
The phonon mean free path may be limited by boundary scattering.  A mean free 
path l can be defined which is related to the grain size , for a grain with 
diameter D.  Boundary scattering plays an important role in reducing the lattice thermal 
D
B
U V
Tk
ω
ω
µ
γ
τ
2
0
221 =
γ µ
Dω
2ω
ω
Dl 12.1=
	   20	  
conductivity in the so-called nanocomposite approach.  By making samples with nano-
sized grains, the lattice thermal conductivity can be greatly reduced, which is attributed to 
the enhanced phonon scattering at the nanograin boundaries.  However, electron mobility 
is not greatly affected, due to the differences in electron and phonon’s respective 
scattering lengths.[21,33] 
In general, boundary scattering relaxation time can be expressed as,[34][35] 
	   	   	   	   	   	   	  	  	  	  
(1.30) 
where D is the grain diameter, is the group velocity of the phonon, p is a parameter 
which describes the probability of undergoing specular scattering at the interface, and 1-p 
stands for the probability of the phonon that undergoes diffusive scattering.  
 
1.5    Motivation and Organization of the Work 
Nanocomposite is a material with high density of interfaces but does not 
necessarily have a specific geometry or structure, and usually there is variation in 
composition in nanocomposite material.  The original nanocomposite concept was for 
either nanoparticles embedded in the host or a heterostructure geometry with 
nanoparticles of different materials adjacent to each other.[36][37]  For the 
heterostructure geometry, when the two materials get alloyed the nanocomposite is 
simply a material with nano-sized grains.  Figure 1.5(a) shows a typical TEM image of a 
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n-type Si95Ge5 nanocomposite sample,[11] where most of the nanograins are in the 10 – 
30 nm range.  The HRTEM in Figure 1.5(b) shows that the nanoparticles are highly 
crystallized and randomly oriented.   
 
Figure 1.5  TEM (a) and HRTEM (b) images of a n-type Si95Ge5 nanocomposite. 
Since the nanostructures have a size smaller than the phonon mean free path but 
greater than the electron or hole mean free path, phonons are more strongly scattered by 
the boundaries of the nanograins, and the thermal conductivity is thereby reduced, 
resulting in a net increase in ZT.  
Although high ZT values have been achieved by growing superlattices, quantum 
dots or nanowires, there are some disadvantages for these fabrication approaches. The 
cost to fabricate those nanostructures is very expensive.  Also it is difficult to scale them 
up for any commercial applications.  Therefore, in my research, I adopt the cost and time 
effective nanocomposite approach to reduce the thermal conductivity of different bulk 
thermoelectric material systems, with the goal of improving materials’ overall 
thermoelectric performance.  
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At an early stage of my research, it was clear that I had several challenges to 
overcome.  It was unclear whether we can create any bulk formed material with 
nanostructures and thermodynamically stable properties.  This is because nanocomposite 
or nanostructure form is not an equilibrium state of a material, and any diffusion or 
energy associated with interfaces often acts to remove nanoscaled structures or 
composition variations.  The first challenge is how to prepare nanoparticles and combine 
the nanoparticles into a fully dense solid bulk.  Then, once the bulk nanocomposite is 
fabricated, the next challenge is how to adjust our fabrication conditions to further 
improve the material’s properties.  It is more difficult to optimize the fabrication 
conditions to improve the material’s ZT, because the mechanism of how nanostructures 
are formed and the direct relation between the fabrication condition and material’s 
thermoelectric properties are not always clear.  For example, the same technique, which 
is able to create nanostructures in one material system, may not produce similar 
nanostructures in other systems.  There are still many unsolved problem and questions 
that cannot be answered yet in my research.  
Despite all the difficulties, over the past few years, my group has developed a 
very effective technique to create nanocomposite of different thermoelectric material 
systems.  The sample preparation technique is based on mechanical alloying and DC 
induced hot press.  Nanoparticles are obtained either by planetary or high energy ball 
milling of either individual elements or melted ingot.  After ball milling, the 
nanoparticles are sintered into nanostrucutured bulk material by a home-built hot press 
system.  This technique is successfully implemented on the Si/Si1-xGex and In4Se3 
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systems in my research.  Enhanced peak ZT values of 0.95 and 0.97 are achieved for n-
type Si95Ge5 and In4Se3.  The ZT improvements in the nanostructure Si and In4Se3 
systems are more than 100% and 50% respectively of that have been reported.  The 
experiment details of Si/Si1-xGex and In4Se3 will be summarized in Chapter 3 and Chapter 
4.  Synthesis and thermoelectric properties of the Zn4Sb3 compounds will be described in 
Chapter 5.   
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Chapter 2  
Property Characterization 
The performance of thermoelectric materials is related to the figure-of-merit 
.  Thus, it is required to measure the individual property of the electrical 
conductivity , the Seebeck coefficient S and the thermal conductivity  to optimize the 
material properties.   In our experimental analysis, we use a commercial ZEM-3 system 
to measure the electrical conductivity and Seebeck coefficient simultaneously.  The 
thermal conductivity is measured by a laser flash system.  A DSC (Differential Scanning 
Calorimetry) system is used to measure the specific heat.  Carrier concentration and 
mobility are measured using Van der Pauw method. 
 Besides, X-ray diffraction (XRD), scanning electron microscopy (SEM) and 
transmission electrons microscopy (TEM) are used to characterize the structure of the 
materials.  The composition distribution in our nanostructured samples is measured by 
energy dispersive spectroscopy (EDS). 
In this chapter, I will review some basic principles on which the measurement and 
characterization of thermoelectric materials are based.  Then I describe some experiment 
techniques and setups that I used for my research.  
 
κσ /2SZ =
σ κ
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2.1    Electrical Conductivity 
The electrical conductivity measurement of the conducting materials has been 
studied for a long time.  It can be obtained from the resistance R of a conducting block of 
length L and uniform cross section area A, by using the equation .  This is 
based on the assumption that the electrical contact resistance between and material and 
probes is small enough to be ignored.  Most typical thermoelectric materials are 
semiconductors, and the electrical contact resistance needs to be considered carefully.  
Thus, it is often to use a four-probe method to measure the electrical conductivity.  As  
                         
Figure 2.1  Four-probe setup for electrical conductivity measurement. 
shown in Figure 2.1, the current is introduced through the bar sample and probes 1 and 4.  
The potential difference between probes 2 and 3 is measured by a voltage meter.  The 
probes could be held in place by pressure, by welding, or by insertion in the small holes 
on the sample surface.[1]  
There is a specific problem for the electrical conductivity measurement of 
thermoelectric materials, which is caused by the temperature gradient on across the 
ARL /=σ
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sample.  When a current flows through the sample, the Peltier effect will establish a 
temperature gradient, which, in turn, will build a potential difference across the sample 
by the Seebeck effect.  If the two probes are not at the same temperature, the potential 
difference induced by Seebeck effect could be averaged and canceled out by introducing 
the same current from the opposite direction.  As for the Peltier induced Seebeck effect, 
since it needs time to build up a temperature gradient, an AC current [2] or quick 
reversing DC current [3] can be used to measure the electrical conductivity without 
affected by the Seebeck voltage.   
                        
2.2    Seebeck Coefficient 
Since the Seebeck coefficient is defined as the ratio of an open circuit potential 
difference to a temperature difference , the Seebeck coefficient measurement is 
independent of the sample geometry. 
Figure 2.2 shows a possible arrangement for the Seebeck coefficient measurement, 
which is experimental setup used in my work.  The temperature difference is measured 
by using alumel-chromel thermocouples, and the chromel branches are also used to 
determine the potential difference.  Reference thermocouples are connected to the heater 
and heat sink so that the temperature difference between the heater and heat sink can be 
controlled.  The copper leads are connected to a programmable multiplexer, then the 
potential difference V and temperature difference  can be read by a digital 
multimeter.  It is good practice to vary the thermal gradient and calculate S as  
VΔ TΔ
CH TTT −=Δ
)(/ TddV Δ
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to partially compensate for differences in thermocouples.  It should note that the Seebeck 
voltage is measured by the chromel branch, so that the Seebeck coefficient of the chromel 
must be added to obtain the correct Seebeck value for the sample.  
                
Figure 2.2  Seebeck measurement setup.  Heat flows from the lower to upper stages.  A 
temperature difference exists between the lower and upper thermocouples.  Two 
thermocouples are connected to copper leads at an isothermal junction (T0).  The copper 
leads feed into instruments at ambient conditions (TA). 
As shown in Figure 2.2, the Seebeck coefficient of the sample is determined from 
the measured temperature and voltage differences, and V respectively.  The Seebeck 
contribution to the measurement circuit EMF (Figure 2.2) is determined by integration 
around the circuit.  
             (2.1) 
Assuming the copper and chromel wires are homogenous and therefore their Seebeck 
coefficients are only a function of temperature then, 
TΔ
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  (2.2)	  
If the temperature difference is much smaller than the average temperature and the 
Seebeck coefficients are assumed constant over the small , then 
            (2.3) 
where .  The absolute Seebeck coefficient of the sample can be calculated 
from the measured V and using the absolute Seebeck of the leads.  The equation can 
be re-written as 
            (2.4) 
In principle, line should pass through zero when .  But in practice 
there is always a non-zero intercept on the VS – axis which is called the dark EMF.  A 
typical Vs - plot with dark EMF is shown in Figure 2.3. 
 
Figure 2.3  A typical plot of Vs -  showing the dark EMF of a Si sample at 700 oC. 
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This dark EMF should be subtracted from each Vs point and the sample’s relative 
Seebeck coefficient.   is calculated from the adjusted points.  The typical dark 
EMF is less than 10% of the total EMF. 
 
2.3    Electrical Conductivity and Seebeck Measurement 
by ZEM-3 
In my research, I measured the electrical conductivity and Seebeck coefficient of 
different thermoelectric materials using a commercial ZEM-3 system (Figure 2.4) which 
is manufactured by Ulvac-Riko Inc.  This system measures the electric conductivity and 
Seebeck coefficient of a thermoelectric material sample simultaneously.    
 
Figure 2.4  ZEM-3 for electrical conductivity and Seebeck measurement. 
The sample holder is enclosed in an infrared furnace.  The sample stage is 
surrounded by an isothermal nickel radiation shield in order to assure the relatively 
CHTE VV −
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uniform environment temperature around the sample.  All measurements are carried out 
in a helium atmosphere at approximately 10 kPa pressure.  
   	  
As shown in Figure 2.5, the sample is held between the upper and lower sample 
stages with moderate pressure from a clamping spring.  The lower stage can be heated by 
an embedded electrical resistance heater, which creates a temperature gradient across the 
sample.  Two spring loaded thermocouples are held against the sample.  To ensure one 
dimensional heat and current flow, the distance between the thermocouples and the 
sample stages should be ~1.5 times larger than the sample’s lateral dimension (L).  All 
ZEM samples are prepared in rectangular bar shapes approximately 2 × 2 × 12 mm in 
size.  The thermocouple spacing can be read exactly from a camera from ZEM-3.    
 
Figure 2.5  A picture of the sample stages with a mounted sample in ZEM-3. 
The electrical conductivity is computed from its DC resistance using the sample 
geometry.  Two measurements are made with opposite current polarity, and the current 
duration for both measurements is short to minimize the Peltier effect induced Seebeck 
voltage.  The DC resistance for the sample is  
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            (2.5) 
where V1 and V2 are the voltages measured with +I and –I respectively. 
During a Seebeck coefficient measurement no current flows through the sample.  
The only source of EMF is from the Seebeck effect in the sample and the thermocouple 
wires.  The ZEM-3 determines the sample’s Seebeck coefficient from temperature of the 
upper and lower thermocouples and the measured EMF.  More details about Seebeck 
measurement are described in the previous section.  
 
2.4    Thermal Conductivity 
 It is always more difficult to measure thermal conductivity κ than electrical 
conductivity σ because thermal insulation is never as good as electrical insulation.  Thus, 
there are various problems associated with heat loss during this measurement,[4][5] 
especially for good thermoelectric materials with low κ.  The laser flash method is the 
most favored for measuring κ for bulk thermoelectric materials.  In the following sections, 
I will briefly describe some basic measurement principles of the laser flash method and 
some other techniques used in measuring thermal conductivity as well. 
 
2.4.1    Steady-state Method 
The technique most frequently used to determine the thermal conductivity for 
bulk thermoelectric materials is the steady-state method.[6]  Using this technique, κ can 
I
VVR
2
21 −=
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be measured to a very low temperature.  The basic measurement setup is shown in Figure 
2.6.  The bottom of the sample sits on the heat sink and a small heat is attached to the 
other end of the sample.  Heat flux is calculated by the amount of the power generated by 
the heater Q divided by the sample cross sectional area A.  Thermocouples are separated 
by a distance L to measure the temperature difference along the sample.  The thermal 
conductivity can be calculated from 
             (2.6) 
                                 
Figure 2.6  Experiment arrangement for measurement using the steady-state method. 
The steady-state method is most effective and accurate when all heat generated by 
the heater flows through the sample to the heat sink.  Typically, the thermocouple and 
heat wires with at most 25 µm in diameter are used to minimize the heat loss.  The heat 
loss from the sample surface is mostly due to radiation and convection.  Thus, good 
vacuum must be maintained to eliminate the heat exchange due to convection.  
TΔ
TA
QL
Δ
=κ
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Besides, the size of the sample dimension should be selected carefully.  The 
advantage of increasing the length of the sample is that the errors from thermal resistance 
at the end contacts are minimized.  On the other hand, the relative effect of lateral heat 
loss is greater for a long rather than short sample.  At high temperatures, it becomes more 
difficult to account for the loss by radiation, thus a steady-state method is not suitable for 
very high temperature measurement.  
 
2.4.2    Laser Flash Method 
The laser flash method, first described by Parker et al,[7] has been widely used to 
determine the thermal conductivity of materials.  It is the most favored for measuring the 
κ for bulk samples at high temperatures.[6][8]   In my work, laser flash system LFA 447 
and LFA 457 (Netzsch Instruments, Inc.)	  are used to measure different samples up to 300 
oC and 1100 oC respectively (Figure 2.7).  
Unlike the steady-state method, the laser flash method does not measure the 
thermal conductivity directly, but measures the thermal diffusivity α, from which thermal 
conductivity can be calculated, 
	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.7) 
Where κ is the thermal conductivity, ρ is the density, C is the specific heat, and α is the 
thermal diffusivity. 
Cκ ρ α=
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Figure 2.7  Laser flash LFA 457 (Netzsch Instruments, Inc.) for the thermal conductivity 
measurement. 
             An illustration of the laser flash system is shown in Figure 2.8(a).  The sample is 
irradiated with a high-energy pulse from a laser or flash lamp for no more than a 
millisecond long.  The temperature of the opposite face of the sample is monitored with 
an infrared detector.   
The measured temperature will peak and then return to ambient temperature.  The 
time required to rise to one-half of the peak temperature over a time span after the pulse 
at the opposite side of the sample, t1/2, can be used to determine the thermal diffusivity 
[7], 
          (2.8) 
where d is the sample thickness, assuming there is no heat loss.  
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Figure 2.8  Illustration of a laser flash method system (a) and measurement signal (b). 
When taking account of the possibility of heat loss from both the front and back 
face of the sample, the temperature rise curve reaches its peak at a lower temperature than 
without heat loss, and the temperature drops off after the peak as shown in Figure 2.8(b).  
The thermal diffusivity can be obtained from a theoretical Cowan relationship between 
the dimensionless parameter C and the ratio R of two temperatures, 
	  	  	  	  	  	  	  	  	  	   	   	   	   	   	   	  	  	  	  	  (2.9) 
         (2.10) 
C =
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0.5 0.55( t ) t
R I / I=
	   39	  
where I5(t0.5) is the temperature rise at a time equal to five times t0.5 as shown in Figure 
2.8(b). 
Theoretically, the specific heat capacity can be calculated using the temperature 
rise of the measured sample and the heat irradiated by the pulse laser beam, 
                    (2.11) 
where is the specific heat capacity, d is the sample length (sample thickness here), and 
is the maximum value of the temperature rise.   
However, there are lots of factors that can cause the measurement errors, such as 
heat loss, unreproducible irradiating conditions, different absorptivity and emissivity for 
the sample surface, etc.  Thus, an alternative and more accurate way to measure specific 
heat is the differential laser flash method.  In the differential laser flash calorimetry, a 
reference sample and a measured sample with the same diameter and thickness are 
irradiated by a homogenized laser beam.  Both samples should be coated under the same 
condition.  The reference sample is a material with known specific heat capacity.  
Therefore, assuming the same laser pulse energy, the specific heat of the measured 
sample can be determined by comparing the temperature rise with the reference sample. 
	   	   	   	   	  	  	  	  
(2.12) 
and                              
	   	   	   	   	  	  	  	  
(2.13) 
There are a few issues that need to take care of in order to minimize the error 
[10][11] during the diffusivity and specific heat measurement.  To approximate ideal one 
dimensional heat flow, the laser spot should be uniform and have an area greater than the 
max/ TdQCp Δ= ρ
pC
maxTΔ
sampleprefp TmCTmCQ )()( Δ=Δ=
samplerefpsamplep TmTmCC )/()()( ΔΔ=
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spot size for the temperature measurement.  The sample holder is designed to minimize 
the thermal contact with the sample and to suppress stray light transmitted from the laser 
beam or flash light to the IR detector.  The sample surfaces must be flat and parallel.  
Usually, both sides of the sample should be coated with a thin coating layer of graphite or 
other high emissivity material to optimize both the absorption of the laser pulse and the 
emission of thermal radiation.  If good adhesion is not achieved, the coating procedure 
can potentially be a source of significant error for measured specific heat value.   
 
2.5    Specific Heat 
Both thermal diffusivity and specific heat capacity can be measured at the same 
time by the laser flash method.  A more accurate and reliable specific heat value can be 
obtained by using the differential scanning calorimetry (DSC) method.[12]  In the DSC 
method, the amount of energy required to be supplied or withdrawn from the sample to 
maintain zero temperature difference between the sample and the reference is measured 
as a function of time.   It is worthwhile to note that there is an alternative technique which 
shares much in common with DSC is the differential thermal analysis (DTA) method.  In 
DTA method, it is the heat flow to the sample and reference that remains the same rather 
than the temperature.   A typical experiment arrangement for the DSC measurement is 
shown in Figure 2.9.  The reference and sample are placed in identical platinum pans in 
identical environments.   There are a platinum resistance thermometer and heater on each 
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individual base of the pans.  The temperature of the two thermometers are compared, and 
the electrical power supplied to each heater electrical power supplied to each heater are 
adjusted so that the temperature of both the reference and the sample remain equal to the 
programmed temperature.   
 
Figure 2.9  DSC experiment arrangement. 
The temperature program for DSC is designed such that the temperature of both 
sample and reference pans increase linearly as a function of time.  The reference material 
should have a well-defined specific heat capacity over the range of temperature to be 
scanned.  Since the rate of energy absorption by the sample is proportional to the specific 
heat of the sample, by comparing the energy absorption rate difference between the 
sample and the reference, the specific heat of the sample can be determined.  
In my research, I used a commercial DSC 200 F3 system (Netzsch Instruments, 
Inc.) to measure the specific heat capacity.  The maximum measurement temperature is 
600 oC.  The reference material we use is sapphire.  Samples with diameter of 6 mm and 
thickness of 0.5 mm are prepared.  Three measurements need to be done to obtain the 
DSC curves for the baseline, reference and sample respectively.  For the baseline 
measurement, both platinum pans are empty.  Sapphire reference is loaded in one of the 
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pans to get the reference signal curve.  Lastly, the sample is loaded in the same platinum 
pan to measure the sample signal curve.  A DSC measurement result of my SiGe sample 
is shown below (Figure 2.11).   
 
Figure 2.10  DSC 200 F3 (Netzsch Instruments, Inc.) for  the specific heat measurement. 
The specific heat of the sample can be determined by comparing the signal of the 
sample and the reference material (sapphire).  
      (2.14) 
where the sensitivity can be obtained from the reference signal,[13] 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(2.15) 
where Signalbaseline, Signalsapphire, and Signalsample	   are the green, red, and blue curves 
respectively in Figure 2.11. 
Cp =
Signalsample ! Signalbaseline
Masssample " heating rate " sensitivity
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Figure 2.11  DSC result measured by DSC 200 F3 system. 
 
2.6    Carrier Concentration and Mobility 
Since the electrical conductivity, the Seebeck coefficient and the thermal 
conductivity are closely related to the fundamental material properties such as the carrier 
concentration n, effective mass m*, and carrier mobility µ = e! /m*  These properties can 
be determined by using the Hall effect measurement system.[14]  
                 
2.6.1    Hall Effect and Lorentz Force 
The basic physical principle underlying the Hall effect [15] is the Lorentz force, 
which is a combination of the electrical force and the magnetic force.  When an electron 
moves along the electric field direction perpendicular to an applied magnetic field, it 
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experiences a magnetic force  which is normal to both directions.  The resulting 
total force is equal to .  For a bar-shaped semiconductor shown in Figure 
2.12, we assume that a constant current I flows along the x-axis from left to right in the 
presence of a magnetic field along the z-axis.  Electrons subject to the Lorentz force 
initially drift away from the current direction toward the negative y-axis, resulting in an 
excess negative surface electrical charge on the side of the sample.  The charge 
accumulation results in a potential difference across the two sides of the sample.  This 
transverse voltage is called the Hall voltage VH, and its magnitude is given by  
          (2.16) 
where q is the elementary charge (1.6 × 10-19 C), n is the carrier concentration and t is the 
sample thickness.  
 
Figure 2.12  Schematic of the Hall effect measurement in a bar-shaped sample with 
thickness t.  The current flows in positive x direction and the magnetic field B is along 
the z axis. 
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If there is only one kind of carrier, the Hall coefficient is defined as  
        (2.17) 
Note that the elementary charge q is negative for electrons and positive for holes, 
thus the Hall coefficient 	  is negative for n-type semiconductors and positive for p-type 
semiconductors.  
The carrier concentration n and mobility µ can be determined by 
                    (2.18) 
	  	   	   	   	   	   	   	  	  	  	  
(2.19) 
where l is the distance between two voltage wires. 
The above Equation (2.17) for the Hall coefficient becomes more complex in 
semiconductors where both carriers are present in different concentrations with different 
mobility values.  For moderate magnetic field, the Hall coefficient is 
         (2.20) 
Thus, by measuring the Hall voltage  and from the known values of I, B and 
sample dimension, one can determine the carrier concentration n and mobility µ. 
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2.6.2    Van der Pauw Method 
In my work, the carrier concentration and mobility are measured using the Van 
der Pauw method.[16]  As originally devised by Van der Pauw, the Van der Pauw 
method is widely used in research and industry to determine the electrical resistivity, 
carrier concentration and mobility due to its convenient measurement 
configuration.[17][18]  In the Van der Pauw method, one uses an arbitrarily shaped, thin 
plate sample containing four ohmic contacts placed on the periphery of the sample.  
Although theoretically there is no specific requirement for sample geometry, it is 
preferable that the sample is symmetrical, and there must be also no isolated holes within 
the sample.  In order to reduce errors in the measurement, the plate sample thickness 
must be much less than the width and length of the sample.   
A schematic of a Van der Pauw configuration for measuring the resistivity of a 
rectangular sample is shown in Figure 2.13.   
 
Figure 2.13  Van der Pauw configuration for resistivity measurement. 
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Van der Pauw demonstrated that there are two characteristic resistance RA and RB 
associated with the corresponding ohmic contacts in Figure 2.13.  To obtain the two 
characteristic resistances, one applies a DC current I to contact 1 and out of contact 2 and 
measures the voltage V43 between contact 4 and 3 (Figure 2.13).  Next, similarity, current 
I is applied to contact 2 and out of contact 3 while voltage V14 between contact 1 and 4 is 
measured.  
,  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.21) 
The Van der Pauw method is based on the theorem that there exists a simple 
relation between RA and RB, 
                                          (2.22) 
where is RS the sheet resistance of the thin sample.  
We can get RS by solving the about equation.  Thus, if we know the thickness d of 
the sample, the electrical resistivity can be obtained by 
          (2.23) 
 
Figure 2.14  Van der Pauw configuration for Hall effect measurement. 
 
1243 / IVRA = 2314 / IVRB =
1)/exp()/exp( =−+− SBSA RRRR ππ
dRS=ρ
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The Hall effect measurement configuration using the Van der Pauw method is 
shown in Figure 2.14.  To measure the Hall voltage VH, a current I is applied through the 
contacts 1 and 3, and Hall voltage VH is measured across the remaining pair of contacts 2 
and 4 (V24).  Once the Hall voltage is acquired, the carrier concentration n can be 
determined by Equation (2.18).  
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Chapter 3  
Increased Phonon Scattering by Nanograins 
and Point Defects in n-type Si95Ge5 
Nanocomposite 
In this chapter, increased phonon scattering at the nano-sized grain boundaries are 
carefully studied and experimental results on the thermoelectric properties of 
nanostructured Si and Si95Ge5 are presented.  Our nanostructured samples are prepared by 
the cost-effective nanocomposite approach, which includes high-energy ball mill and hot 
press.  The atomic ratio of dopants added for the ball milling process is a control factor to 
engineer the optimum carrier concentration.   More details on the doping level, Ge 
concentration, and composition optimization of the nanostructured Si1-xGex will be 
discussed in Chapter 4.  The background of nanocomposite approach and motivation of 
this work will be presented.  
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3.1    Introduction and Motivation 
Good thermoelectric materials require a low thermal conductivity and a high 
power factor S2σ, i.e., behave as crystals for electrons transport and glasses for 
phonons.[1]  However, such materials are rare in nature and are not easily engineered in 
the laboratory.  After the 1950s, a large enhancement in ZT was achieved by an alloying 
effect that resulted in the increased phonon scattering by point defects.  For many years, 
the main approach for developing high ZT thermoelectric materials was focused on 
identifying and optimizing bulk degenerate semiconductors, such as Bi2Te3 and PbTe.  
The thermal and electrical transport properties are controlled by solid solutions or 
impurity doping levels.  The mass variation of the lattice structure scatters short 
wavelength phonons more effectively than long wavelength phonons as in the Rayleigh 
scattering.[2]  Solid solutions such as Si-Ge, Bi2Te3-Sb2Te3 and PbTe-SnTe are used to 
reduce the lattice thermal conductivity by alloy scattering.  However, the introduction of 
point defects more or less degrades the carrier mobility, thus ZT has hovered around 1 for 
more than 30 years.   
In the early 1990s, Hicks and Dresselhaus proposed the possibility to enhance ZT 
with nanostructures,[3][4] and this concept inspired extensive research into 
nanostructured thermoelectrics.  When the characteristic length of a material become 
comparable to or smaller than the mean free path or wavelength of charge or energy 
carriers, transport phenomena are different from those of bulk materials, resulting from 
both classical or quantum size effects.  Most of the properties in bulk materials are 
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defined on the assumption that transport phenomena are diffusive, while transport 
phenomena operating under quantum conditions can be ballistic.  As the characteristic 
length gets smaller than the mean free path of bulk materials, electrons or phonons 
experience additional scattering at boundaries and therefore their conductivity will be 
reduced because of the classical size effect.[5][6]  Besides, due to the quantum size effect, 
the low energy states of carriers could be eliminated.  The quantum confinement effect 
leads to changes in the dispersion relations and in the density of states, with beneficial 
impacts on the electron power factor.[3][4]  Therefore, ZT can in principle be enhanced in 
the nanostructures due to both the reduction in the thermal conductivity by the classical 
size effect and the power factor enhancement by the quantum size effects. 
Recently, a number of studies reported high ZT values using nanostructures [7]-
[12].  In these studies, the ZT enhancement in nanostructures was mostly due to their low 
thermal conductivity, which is attributed to phonon scattering at their large density of 
interfaces [11][12].  Hicks et al. reported the possible enhancement in ZT by an 
experimental study of the quantum confinement effect in PbTe/Pbl-xEuxTe quantum well 
structures.[4]  The actual enhancement in ZT, up to a factor of four, were reported by 
Harman et al. using a PbSeTe/PbTe quantum dot superlattice and by 
Venkatasubramanian et al. using a Bi2Te3/Sb2Te3 superlattice.[7][8]  Both structures 
showed an increased power factor by about 15 - 40%, but it is the reduction in the 
thermal conductivity that dominates the enhancement in ZT.  The thermal conductivity of 
such nanostructures is 3 to 4 times smaller than their bulk counterparts.  More recently 
Hsu et al. reported enhancement in bulk materials by forming nanoscale precipitates in 
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the AgPbSbTe material system.[9]  Hochbaum et al. reported significant improvement in 
ZT at room temperature using an array of Si nanowires manufactured by electrochemical 
synthesis.[10] In these studies, the ZT enhancement in nanostructures was mostly due to 
their low thermal conductivity, which is attributed to phonon scattering by their large 
density of interfaces.[11][12]  However, these processes are not often easily scaled up for 
practical applications or to be applied to other material systems.  Only the nanocomposite 
approach seems to be the most cost effective and applicable to a wide range of different 
materials. [13]-[15]    
ZT enhancement due to the reduction in the thermal conductivity has been 
reported in BiSbTe, n-type Si80Ge20 and p-type Si80Ge20 nanocomposites.  However, such 
reduction comes from both alloying effect and increased phonon interface scattering.  
The reduction in thermal conductivity from the alloying comes through scattering by 
point defects, while for the nano-size effect it comes from the strong interface scattering 
of phonons.  These two causes for phonon scattering could not be separated from one 
another in those studies.  This distinction is the focus of this chapter.  
	  
3.2    Preparation of n-type Si95Ge5 Nanocomposite 
3.2.1    Nanocomposite Concept 
The term “nanocomposite” has been used to describe several different types of 
structures.  The original concept was for either nanoparticles embedded in a host or 
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heterostructure geometry with nanoparticles of different materials adjacent to each other.  
For the heterostructure geometry, when the two materials are the same, the 
nanocomposite is essentially a material with nano-sized grains. 
According to theoretical studies on thermal transport perpendicular to interfaces, 
it is the incoherent diffusive phonon scattering at the interfaces that reduces the thermal 
conductivity in nanostructures.[5][16]  As the interface density increases, the thermal 
conductivity decreases because of the interface resistance.  Neither periodic structures nor 
different phases are necessary for the thermal conductivity reduction.  A large interface 
density is essential to reduce the thermal conductivity.  Therefore, nanocomposites are 
expected to have a lower thermal conductivity than their bulk counterparts with a low 
fabrication cost just by sintering mixed nanopowders.  Our group has proposed a cost-
effective technique to prepare nanocomposite materials throughout using only a bulk 
process.  In this technique, raw elements are ground into nanoparticles using a ball 
milling machine.  The resulting mixture is then pressed at a given pressure for a short 
period of time, up to a given temperature.  The pressure and time of heating depend on 
the starting material and the desired result.  The variation of pressure, time and 
temperature could yield significantly different results.  This technique has been 
successfully implemented on n-type Si80Ge20, p-type Si80Ge20, and different types of 
BixSb2-xTe3. 
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3.2.2    Fabrication of n-type Si95Ge5 Nanocomposite    
Our group has developed a cost-effective approach to synthesize nanocomposite 
materials with large grain boundary density.  The sample preparation technique includes 
high-energy ball milling and hot pressing.  The atomic ratio of dopants added for the ball 
milling process is a control factor to engineer the optimum carrier concentration. 
Mechanical alloying was first developed to produce oxide dispersion-strengthened (ODS) 
alloys.[17]  It is a high-energy ball milling technique used to produce alloyed powder 
through solid-state reactions.  There are several advantages of high-energy ball milling 
over conventional synthesis techniques like chemical synthesis or solid-state reaction.  
One of the advantages is that room temperature process minimized the problem of 
volatility of dopants.  Besides, since there is no chemical solvent involved, mechanical 
alloying can prepare by-product impurity free nanopowders.  Besides, by using pure 
starting materials and operating in a glove box, this method can greatly prevent oxidation 
during the nanopowder synthesis process for oxygen sensitive materials.  Some of the 
disadvantages include amorphization of the material, and mechanical alloying is not 
considered to be the best to prepare well-dispersed and uniform small nanoparticles.  
Also, this method cannot produce regular shaped particles.  Fortunately, all that is 
required for nanocomposite is a material with a high density of interfaces, which can be 
present in any geometry. 
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Figure 3.1  Pictures of planetary (left) and high-energy (right) ball mill machine. 
The challenges in consolidating nanopowders are achieving a high densification 
rates and retaining the nano-sized grains.  If the nanostructures dissolve during the 
consolidation process or the course of operation, the thermoelectric properties will 
degrade to those of the bulk materials. Creating a thermodynamically stable 
nanostructured material is difficult because the nanostructured form is not an equilibrium 
state of the material.  Diffusion and energy associated with interfaces often act to remove 
nanostructures or composition variations.[18]  
In our experiment, nanopowders prepared by ball milling are loaded into a 
graphite die.  A DC current flows through the nanopowders to achieve rapid densification 
by resistive sintering, while the uniaxial pressure is applied onto the graphite plungers.  If 
the hot pressing temperature and duration are correctly adjusted, the nanoparticles will 
fuse together but leave the interface between each particle intact, and nanostructures will 
be retained after hot pressing.  Figure 3.2 shows a picture and schematic of our home-
built hot pressing apparatus.  
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Figure 3.2  A picture (a) and schematic (b) of home-built hot pressing apparatus. 
In a typical experiment, chunks of Si and Ge (Alfa Aesar), phosphorus (P) and 
gallium phosphide (GaP) (Sigma Aldrich) are put into a stainless steel jar, and then 
loaded to a ball mill machine (Figure 3.1) to pulverize the chunks into powder until the 
desired nano-sized particles are obtained.   Longer ball mill duration does not necessarily 
result in smaller nanoparticle size due to the agglomeration of particles.  Then, about 1.2 
grams of SiGe nanopowders are loaded into a graphite die with a diameter of 0.5 inch for 
hot press.  During the hot press process, DC current increases at a rate of 200 A per 30-
second until the target temperature is reached.  The pressure applied on the graphite 
plungers are kept at 100 MPa at the beginning, and then increases to 150 MPa when the 
temperature reaches 750 oC.  After hot press, the sample is extracted when the 
temperature drops below 700 oC in order to prevent dopant precipitation.  
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Usually, a 4 mm thick disc sample with diameter of 0.5 inch is made from a single 
hot press operation.  The sample is cut into two 2 mm thick disc samples for the property 
and structural characterizations.   
  
3.3    Structural and Property Characterization of n-
type Si95Ge5 Nanocomposite 
3.3.1    Structural Characterization of Si95Ge5 Nanocomposite 
X-ray diffraction (XRD), scanning electron microscopy (SEM), high-resolution 
transmission electron microscopy (HRTEM) and energy dispersive spectroscopy (EDS) 
are used to characterize the crystallinity, composition, homogeneity and average grain 
size of the nanoparticles and nanocomposite samples.   
Figure 3.3 shows the XRD spectrum and TEM images of the SPEX ball milled 
phosphorus-doped Si95Ge5P2.5(GaP)1.5 nanopowder.[15]  The XRD pattern (Figure 3.3(a)) 
confirms that the powder is in a single Si95Ge5 phase.  The broadened diffraction peaks 
indicate the small grain sizes.  The average size of nanoparticles estimated by using 
Williamson-Hall method is around 15 nm.[19]  Figure 3.3(b) shows the TEM image of 
the nanopowders around 20 – 150 nm representing the size of the agglomeration of many 
small crystallites as indicated in the diffraction pattern (upper inset in Figure 3.3(b)).  The 
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HRTEM image (lower inset in Figure 3.3(b)) confirms the small size of the constituent 
nanoparticles.    
 
Figure 3.3  XRD pattern (a), TEM image of ball milled Si95Ge5 nanopowders (b).  The 
insets are the diffraction pattern and HRTEM image for the circled region. 
Figure 3.4(a) show the TEM images for the Si95Ge5P2.5(GaP)1.5  sample after hot 
press, where most of the nanoparticles are in the 10 – 30 nm ranger.  The grain size is 
larger than the 10 – 20 nm initial nanoparticle range due to the grain growth during the 
hot press process.  The HRTEM image (Figure 3.4(b)) shows that the nano-sized grains 
are highly crystallized and randomly oriented after hot press.  
The small grains with random orientations can enhance the phonon scattering at 
the grain boundaries more effectively than the large grains found in bulk polycrystalline 
SiGe alloys.  Grain growth is a serious problem for nanostructured materials.  We have 
tested samples thermal stability by annealing the nanostructured Si95Ge5 sample at 1050 
oC for a week and we did not observe any noticeable grain growth and property 
copy (SEM), and high resolution transmission electron
microscopy (HRTEM) are used to characterize the struc-
tures of the samples. The nanopowder is pressed into disc
specimens with a d ameter of 12.7 mm and a thickness of a
fewmm by a quick dc hot press process [7,8,10,13,14]. The
density of the hot pressed sample is measured using an
Archimedes’ kit and the value is very close to the theoreti-
cal density [16]. The thermal conductivity is measured
using a laser flash system (Netzsch LFA457), and the
electrical conductivity and Seebeck coefficient are mea-
sured simultan ously in a multiprobe transport system
(Ulvac ZEM-3). The carrier concentration is measured
using the van der Pauw method [17].
Figure 1(a) shows the XRD spectrum of our
Si95Ge5P2:5ðGaPÞ1:5 nanopowders. It shows that the nano-
powders have a single phase with broadened peaks indicat-
ing the nanosize of the grains in the range of 5–20 nm as
obtained by the Williamson-Hall method [18]. Figure 1(b)
shows the TEM image of the nanopowders around 20–
150 nm, representing the size of the agglomeration of
many smaller crystallites, indicated in the diffraction pat-
tern [upper inset in Fig. 1(b)]. The HRTEM image [lower
inset in Fig. 1(b)] onfirms the small size of the constituent
particles.
Figure 2 shows the TEM images for the
Si95Ge5P2: ðGa Þ1: sample after hot press, where most
of the nanoparticles are in the 10–30 nm range, larger
than the 5–20 nm initial nanoparticle range due to some
grain growth during the hot press process. The HRTEM
image [Fig. 2(b)] shows that the nanoparticles are highly
crystallized and randomly oriented after hot press.
Figures 3(a)–3(f) show the comparative thermoelec-
tric property measurement results for nanostructured Si,
nanostructured Si95Ge5, bulk Si, and bulk Si80Ge20 alloy
(RTG) that has been used by NASA for many years.
Results plotted for the bulk Si are calculations using
the Boltzmann transport equation within the relaxation
time approximation, modified on the basis of the Vining
model [19] but also considering nonparabolicity and a
temperature-dependent band structure. Both the nanostruc-
tured Si and nanostructured Si95Ge5 samples show a higher
electrical conductivity [Fig. 3(a)] but a lower absolute
Seebeck coefficient [Fig. 3(b)] than that of the bulk
Si80Ge20 RTG sample. This is mainly attributed to the
FIG. 1 (color online). XRD pattern (a), TEM image of ball milled Si95Ge5 nanopowders (b). The insets to Fig. 1 (b) are the
diffraction pattern and HRTEM image for the circled region.
FIG. 2. Low (a) and high (b) magnification TEM images of the hot pressed nanostructured Si95Ge5 sample.
PRL 102, 196803 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
15 MAY 2009
196803-2
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degradation.  The reason why there is no grain growth is probably because the grains are 
similar in size and the random crystalline orientations with large-angle grain boundaries 
prevent the grain growth. 
 
Figure 3.4  Low (a) and high (b) magnification TEM images of the hot pressed 
nanocomposite Si95Ge5 sample. 
 
3.3.2    Thermoelectric Properties of Si95Ge5 Nanocomposite 
If the contribution of interface scattering dominates the reduction in the thermal 
conductivity, ZT can be enhanced without using a high Ge concentration.  Reducing Ge 
also leads to a higher electrical conductivity due to the higher dopant (phosphorus) 
solubility and less electron alloy scattering.  In this section, it is demonstrated that a 
combination of nanograins and a 5% Ge replacement of Si, that is Si95Ge5, produces both 
a reduction in the thermal conductivity and a similar ZT value to that of bulk Si80Ge20.    
copy (SEM), and high resolution transmission electron
microscopy (HRTEM) are used to characterize the struc-
tures of the samples. The nanopowder is pressed into disc
specimens with a diameter of 12.7 mm and a thickness of a
fewmm by a quick dc hot press process [7,8,10,13,14]. The
density of the hot pressed sample is measured using an
Archimedes’ kit and the value is very close to the theoreti-
cal density [16]. The thermal conductivity is measured
using a laser flash system (Netzsch LFA457), and the
electrical conductivity and Seebeck coefficient are mea-
sured simultaneously in a multiprobe transport system
(Ulvac ZEM-3). The carrier concentration is measured
using the van der Pauw method [17].
Figure 1(a) shows the XRD spectrum of our
Si95Ge5P2:5ðGaPÞ1:5 nanopowders. It shows that the nano-
powders have a single phase with broadened peaks indicat-
ing the nanosize of the grains in the range of 5–20 nm as
obtained by the Williamson-Hall method [18]. Figure 1(b)
shows the TEM image of the nanopowders around 20–
150 nm, representing the size of the agglomeration of
many smaller crystallites, indicated in the diffraction pat-
tern [upper inset in Fig. 1(b)]. The HRTEM image [lower
inset in Fig. 1(b)] confirms the small size of the constituent
particles.
Figure 2 shows the TEM images for the
Si95Ge5P2:5ðGaPÞ1:5 sample after hot press, where most
of the nanoparticles are in the 10–30 nm range, larger
than the 5–20 nm initial nanoparticle range due to some
grain growth during the hot press process. The HRTEM
image [Fig. 2(b)] shows that the nanoparticles are highly
crystallized and randomly oriented after hot press.
Figures 3(a)–3(f) show the comparative thermoelec-
tric property measurement results for nanostructured Si,
nanostructured Si95Ge5, bulk Si, and bulk Si80Ge20 alloy
(RTG) that has been used by NASA for many years.
Results plotted for the bulk Si are calculations using
the Boltzmann transport equation within the relaxation
time approximation, modified on the basis of the Vining
model [19] but also considering nonparabolicity and a
temperature-dependent band structure. Both the nanostruc-
tured Si and nanostructured Si95Ge5 samples show a higher
electrical conductivity [Fig. 3(a)] but a lower absolute
Seebeck coefficient [Fig. 3(b)] than that of the bulk
Si80Ge20 RTG sample. This is mainly attributed to the
FIG. 1 (color online). XRD pattern (a), TEM image of ball milled Si95Ge5 nanopowders (b). The insets to Fig. 1 (b) are the
diffraction pattern and HRTEM image for the circled region.
FIG. 2. Low (a) and high (b) magnification TEM images of the hot pressed nanostructured Si95Ge5 sample.
PRL 102, 196803 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
15 MAY 2009
196803-2
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Figure 3.5  Temperature dependence of the electrical conductivity (a), Seebeck 
coefficient (b), power factor (c), thermal conductivity (d), electron (Ke), phonon (Kl), and 
total (K) thermal conductivity by modeling (e), and the figure-of-merit ZT (f) of 
nanostructured Si (filled squares), nanostructured Si95Ge5 (filled circles for experiment 
and solid line for model), bulk crystalline Si model (dashed line), and Si80Ge20 GPHS-
RTG samples (open circles).  
In our work, we find experimentally that nanograins play a very important role in 
increasing the phonon scattering for phonons with wavelengths in the nanometer ranger.  
higher solubility limit of P and the lower alloy scattering of
charge carriers in nanostructured Si and nanostructured
Si95Ge5 samples in comparison with the bulk Si80Ge20
RTG sampl . The power factors f r both nanostructu ed
samples [Fig. 3(c)] are slightly lower than the values
calculated for bulk materials with the same carrier concen-
tration values as measured for the nanostructured samples.
Also, due to the heavy doping in the nanostructured
Si95Ge5 and Si samples and the activation of excess dopant
(P) at high temperature during the measurement process,
our nanostructured Si and nanostructured Si95Ge5 samples
show different trends for the temperature-dependent elec-
trical conductivity and Seebeck coefficient from those of
the bulk Si. In fact, the power factor of the nanostructured
Si95Ge5 sample is much higher than that of the bulk
Si80Ge20 RTG sample [Fig. 3(c)], especially at tempera-
tures above 300 !C.
The main advantage of the nanostructure approach
for Si95Ge5 is that we can maintain the high electri-
cal conductivity and power factor as shown in Figs. 3(a)
and 3(c) and, at the same time, we can reduce the phonon
thermal conductivity significantly. Such joint behavior
does not occur in bulk samples. Figure 3(d) shows the
temperature-dependent thermal conductivity of the nano-
structured Si and nanostructured Si95Ge5 samples in com-
parison with bulk Si and bulk Si80Ge20 RTG samples. The
thermal conductivity of the nanostructured Si shows a
significant reduction (by about a factor of 10) compared
with that of the heavily doped bulk Si, which is around
100 W=m " K at room temperature, a clear demonstration
of the nanosize effect on phonon scattering. Moreover,
with a 5 at:% replacement of Si by Ge, the thermal con-
ductivity value of the nanostructured Si95Ge5 is even lower,
close to that of the bulk Si80Ge20 RTG sample, caused by
both the nanosize and point defect scattering effects in
nanostructured Si95Ge5. Since the bulk Si80Ge20 RTG
sample has 20 at:% Ge, and our nano Si95Ge5 sample
has only 5 at:% Ge, a weaker alloy phonon scattering
effect is expected in Si95Ge5. When the Ge concentration
is increased from 5 to 20 at:%, the thermal conductivity is
decreased by another factor of 2 to about 2–3 W=m " K,
but the power factor is also decreased [13] accordingly
because of the reduced charge mobility due to the alloy
scattering of charge carriers.
The thermal conductivity of nanostructured Si95Ge5 has
also been investigated by modeling based on Callaway’s
model [20] in combination with a modified effective me-
dium theory [21] to consider the effect of nanosized grains.
Figure 4(a) shows the mean free path of phonons vs pho-
non wavelength. For bulk Si, only three-phonon scattering
and electron-phonon scattering are the dominant scattering
mechanisms. As a 5 at:% of Ge is added, the scattering
rate increases significantly due to point defect scattering.
For pure Si, the mean free paths for most of the phonons
will be limited by the small grain size. For Si95Ge5, the
small grain size significantly reduces the mean free path of
phonons at long wavelengths. Figure 4(b) shows the accu-
mulative thermal conductivity normalized to the thermal
conductivity of bulk Si as the phonon wavelength is in-
creased. The thermal conductivity of pure Si is reduced
almost by an order of magnitude using nanograins, since a
20 nm grain can reduce the mean free path of phonons at
almost all wavelengths. By adding a 5 at:% Ge, alloy
scattering can reduce the thermal conductivity more sig-
nificantly than using nanograins in Si. As shown in
Fig. 4(a), the mean free path by alloy scattering is even
smaller than the grain size (20 nm) for phonon wavelengths
less than 1 nm, and the contribution of short wavelength
phonons is large. Nanosized grains in Si95Ge5 can further
reduce the thermal conductivity by limiting the mean free
path of phonons with wavelengths larger than 1 nm. As
FIG. 4 (color online). Modeling results for the thermal con-
ductivity at room temperature: (a) mean free path vs phonon
wavelength and (b) accumulative thermal conductivity ratio vs
phonon wavelength for different Ge ratios and grain sizes.
FIG. 3 (color online). Temperature-dependent electrical
conductivity (a), Seebeck coefficient (b), power factor (c), ther-
mal conductivity (d), electron (Ke), phonon (Kl), and total (K)
thermal conductivity by modeling (e), and ZT (f) of nanostruc-
tured Si (filled squares), nanostructured Si95Ge5 (filled circles for
experiment and solid line for model), bulk Si model (dashed
line), and Si80Ge20 RTG samples (open circles).
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However, point defect scattering, caused by alloying Ge into Si, is more effective in 
scattering phonons than just using pure Si nanostructures especially for scattering 
phonons with wavelengths of less than 1 nm.  
Figures 3.5(a)-(f) show the comparative thermoelectric property measurement 
results for nanostructured Si, nanostructured Si95Ge5, bulk crystalline Si, and bulk 
crystalline Si80Ge20 alloy (RTG) that has been used by NASA for radioisotope power 
generation for many years in various space missions.   
Results plotted for the bulk crystalline Si are calculations using the Boltzmann 
transport equation within the relaxation time approximation, modified on the basis of the 
Vining model[20] but also considering nonparabolicity and a temperature dependent band 
structure.  Both the nanostructured Si and nanostructured Si95Ge5 samples show a higher 
electrical conductivity (Figure 3.5(a)) but a lower Seebeck coefficient (Figure 3.5(b)) 
than that of the bulk Si80Ge20 RTG sample.  This is mainly attributed to the higher 
solubility limit of P and the lower alloy scattering of charge carriers in Ge containing 
samples.  The power factors for both nanostructured samples (Figure 3.5(c)) are slightly 
lower than the values calculated for bulk materials with the same carrier concentration 
values as measured for the nanostructured samples.  Also, due to the heavy doping in the 
nanostructured Si95Ge5 (including 2.5 atomic % P+1.5 atomic % GaP) and Si (including 
2.5 atomic % P+ 0.75 atomic % GaP) samples and the activation of excess dopant (P) at 
high temperature during the measurement process, our nanostructured Si and 
nanostructured Si95Ge5 samples show different trends for the temperature-dependent 
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electrical conductivity and Seebeck coefficient from those of the bulk crystalline Si.  In 
fact, the power factor of the nanostructured Si95Ge5 sample is much higher than that of 
the bulk Si80Ge20 RTG sample (Figure 3.5(c)), especially at temperatures above 300 °C.  
The main advantage of the nanostructure approach for Si95Ge5 is that we can 
maintain the high electrical conductivity and power factor as shown in Figure 3.5(a) and 
3.5(c) and, at the same time, we can reduce the phonon thermal conductivity significantly.  
Such joint behavior does not occur in bulk samples. Figure 3.5(d) shows the temperature-
dependent thermal conductivity of the nanostructured Si and nanostructured Si95Ge5 
samples in comparison with bulk crystalline Si and bulk Si80Ge20 RTG samples.  The 
thermal conductivity of the nanostructured Si shows a significant reduction (by about a 
factor of 10) compared with that of the heavily doped bulk crystalline Si, which is around 
100 W/m·K at room temperature, a clear demonstration of the nano size effect on phonon 
scattering.  Moreover, with a 5 atomic % replacement of Si by Ge, the thermal 
conductivity value of the nanostructured Si95Ge5 is even lower, close to that of the bulk 
Si80Ge20 RTG sample, caused by both the nano size and point defect scattering effects in 
nanostructured Si95Ge5.  Since the bulk Si80Ge20 RTG sample has 20 atomic % Ge, and 
our nano Si95Ge5 sample has only 5 atomic % Ge, a weaker alloy phonon scattering effect 
is expected in Si95Ge5.  When the Ge concentration is increased from 5 to 20 atomic %, 
the thermal conductivity is decreased by another factor of 2 to about 2 – 3 W/m·K, but 
the power factor is also decreased15 accordingly because of the reduced charge mobility 
due to the alloy scattering of charge carriers.   
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The thermal conductivity of nanostructured Si95Ge5 has also been investigated by 
modeling by my colleague Hohyun Lee.  As in the case of electron transport modeling, 
the Boltzmann transport equation with the relaxation time approximation based on 
Callaway’s work in the 1960s is explored to calculate the phonon thermal 
conductivity.[21]  A modified effective medium theory[22] is exploited to consider the 
effect of nano-sized grains.  The major phonon scattering mechanisms are three-phonon 
scattering, point-defect scattering, electron-phonon scattering and phonon scattering by 
grain boundaries.  The grain size of 20 nm, which is the average value measured by XRD 
and TEM, is used for the grain boundary scattering calculations.  
Figure 3.6(a) shows the mean free path of phonons vs. phonon wavelength.  For 
bulk Si, only three-phonon scattering and electron-phonon scattering are the dominant 
scattering mechanisms.  As 5 atomic % of Ge is added, the scattering rate increases 
significantly for phonons with wavelengths shorter than 4 nm due to point defect 
scattering so that the mean free path is reduced in this region.  When the grain size 
becomes less than the phonon mean free path of bulk Si, the phonons experience 
additional scattering at grain boundaries so that the mean free path is limited by the grain 
size.  Hence, for pure Si, the mean free paths for most of the phonons will be limited by 
the small grain size.  For Si95Ge5, the small grain size significantly reduces the mean free 
path of phonons at long wavelengths. However, short wavelength phonons (<4 nm) are 
still scattered mostly by the point defect scattering process.   
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Figure 3.6  Modeling results for the thermal conductivity at room temperature: (a) 
mean free path vs. phonon wavelength for different Ge ratios and grain sizes, (b) 
accumulative thermal conductivity ratio versus phonon wavelength for different Ge ratios 
and grain sizes. 
Figure 3.6(b) shows the accumulative thermal conductivity normalized to the 
thermal conductivity of bulk Si as the phonon wavelength is increased. In bulk Si, most 
of the contribution to κL comes from phonon wavelengths less than 4 nm.  Phonons with 
longer wavelengths do not contribute to the thermal conductivity much due to their low 
energy.  Thus, the thermal conductivity of pure Si is reduced almost by an order of 
magnitude using nanocomposite grains, since a 20 nm grain can reduce the mean free 
path of phonons at almost all wavelengths.  By adding 5% Ge, alloy scattering can reduce 
the thermal conductivity more significantly than using nanograins in Si.  As shown in 
Figure 3.6(a), the mean free path by alloy scattering is even smaller than the grain size 
(20 nm) for phonon wavelengths less than 1 nm, and the contribution of small 
higher solubility limit of P and the lower alloy scattering of
charge carriers in nanostructured Si and nanostructured
Si95Ge5 samples in comparison with the bulk Si80Ge20
RTG sample. The power factors for both nanostructured
samples [Fig. 3(c)] are slightly lower than the values
calculated for bulk materials with the same carrier concen-
tration values as measured for the nanostructured samples.
Also, due to the heavy doping in the nanostructured
Si95Ge5 and Si samples and the activation of excess dopant
(P) at high temperature during the measurement process,
our nanostructured Si and nanostructured Si95Ge5 samples
show different trends for the temperature-dependent elec-
trical conductivity and Seebeck coefficient from those of
the bulk Si. In fact, the power factor of the nanostructured
Si95Ge5 sample is much higher than that of the bulk
Si80Ge20 RTG sample [Fig. 3(c)], especially at tempera-
tures above 300 !C.
The main advantage of the nanostructure approach
for Si95Ge5 is that we can maintain the high electri-
cal conductivity and power factor as shown in Figs. 3(a)
and 3(c) and, at the same time, we can reduce the phonon
thermal conductivity significantly. Such joint behavior
does not occur in bulk samples. Figure 3(d) shows the
temperature-dependent thermal conductivity of the nano-
structured Si and nanostructured Si95Ge5 samples in com-
parison with bulk Si and bulk Si80Ge20 RTG samples. The
thermal conductivity of the nanostructured Si shows a
significant reduction (by about a factor of 10) compared
with that of the heavily doped bulk Si, which is around
100 W=m " K at room temperature, a clear demonstration
of the nanosize effect on phonon scattering. Moreover,
with a 5 at:% replacement of Si by Ge, the thermal con-
ductivity value of the nanostructured Si95Ge5 is even lower,
close to that of the bulk Si80Ge20 RTG sample, caused by
both the nanosize and point defect scattering effects in
nanostructured Si95Ge5. Since the bulk Si80Ge20 RTG
sample has 20 at:% Ge, and our nano Si95Ge5 sample
has only 5 at:% Ge, a weaker alloy phonon scattering
effect is expected in Si95Ge5. When the Ge concentration
is increased from 5 to 20 at:%, the thermal conductivity is
decreased by another factor of 2 to about 2–3 W=m " K,
but the power factor is also decreased [13] accordingly
because of the reduced charge mobility due to the alloy
scattering of charge carriers.
The thermal conductivity of nanostructured Si95Ge5 has
also been investigated by modeling based on Callaway’s
model [20] in combination with a modified effective me-
dium theory [21] to consider the effect of nanosized grains.
Figure 4(a) shows the mean free path of phonons vs pho-
non wavelength. For bulk Si, only three-phonon scattering
and electron-phonon scattering are the dominant scattering
mechanisms. As a 5 at:% of Ge is added, the scattering
rate increases significantly due to point defect scattering.
For pure Si, the mean free paths for most of the phonons
will be limited by the small grain size. For Si95Ge5, the
small grain size significantly reduces the mean free path of
phonons at long wavelengths. Figure 4(b) shows the accu-
mulative thermal conductivity normalized to the thermal
conductivity of bulk Si as the phonon wavelength is in-
creased. The thermal conductivity of pure Si is reduced
almost by an order of magnitude using nanograins, since a
20 nm grain can reduce the mean free path of phonons at
almost all wavelengths. By adding a 5 at:% Ge, alloy
scattering can reduce the thermal conductivity more sig-
nificantly than using nanograins in Si. As shown in
Fig. 4(a), the mean free path by alloy scattering is even
smaller than the grain size (20 nm) for phonon wavelengths
less than 1 nm, and the contribution of short wavelength
phonons is large. Nanosized grains in Si95Ge5 can further
reduce the thermal conductivity by limiting the mean free
path of phonons with wavelengths larger than 1 nm. As
FIG. 4 (color online). Modeling results for the thermal con-
ductivity at room temperature: (a) mean free path vs phonon
wav length and (b) accumulative thermal conductivity ratio v
phonon wavelength for different Ge ratios and grain sizes.
FIG. 3 (color online). Temperature-dependent electrical
conductivity (a), Seebeck coefficient (b), power factor (c), ther-
mal conductivity (d), electron (Ke), phonon (Kl), and total (K)
thermal conductivity by modeling (e), and ZT (f) of nanostruc-
tured Si (filled squares), nanostructured Si95Ge5 (filled circles for
experiment and solid line for model), bulk Si model (dashed
line), and Si80Ge20 RTG samples (open circles).
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wavelength phonons is large.  Nano-sized grains in Si95Ge5 can further reduce the thermal 
conductivity by limiting the mean free path of phonons with wavelengths larger than 1 
nm.  As shown in Figure 3.6(b), the thermal conductivity of nanograined Si95Ge5 is 
reduced by a factor of two from bulk Si95Ge5.  Thus, using the nanostructures and also 
adding only a small amount of Ge, the thermal conductivity can be reduced to as low a 
value as for a SiGe alloy with a much higher Ge ratio.  Moreover, a higher power factor 
can at the same time be achieved with a lower Ge atomic ratio due to both the higher 
solubility limit of P and the higher carrier mobility. 
Figure 3.5(e) shows that the calculated thermal conductivity of nanostructured 
Si95Ge5 matches well with the experimental results (Figure 3.5(d)).  The electron 
contribution to the thermal conductivity is calculated from the electrical conductivity 
measurement results using the Wiedemann-Franz Law.  The Lorenz number is calculated 
from the bulk model.  Although nanostructures can change the electron transport 
properties and hence the Lorenz number, the error induced in the electron contribution to 
the thermal conductivity is relatively small.  Our modeling results show that the Lorenz 
number in bulk SiGe alloy varies from 1.3 to 2.2 from 25 to 1000 oC, and that variation 
within any specific temperature is 0.2 for the range of the doping concentration in our 
samples.  The calculated phonon thermal conductivity dropped below 4 W/m·K at room 
temperature and reached ~3 W/m·K at 900 oC (Figure 3.5(e)).  The low thermal 
conductivity for the nanostructured Si95Ge5 system is mainly attributed to both the 
enhanced boundary phonon scattering and the alloy effect in our nanostructured sample. 
Thus, due to the significant thermal conductivity reduction without reducing the power 
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factor, ZT of the nanostructured Si95Ge5 shows a maximum value of 0.95 at 900 oC, 
which is about the same as that of the bulk Si80Ge20 RTG sample (Figure 3.5(f)).   
While phonon scattering at the grain boundary can be explained by a modified 
effective medium theory, electron scattering due to a grain boundary with nano size 
particles has not yet been well investigated.  For pure Si, the average mean free path for 
an electron is much shorter than that for phonons, so that electrons are not as likely to be 
scattered by grain boundaries.  However, our measurement results show that the electrical 
conductivity is slightly lower than the value expected for the given carrier concentration.  
There may be different explanations for the additional carrier scattering caused by grain 
boundaries, but the most plausible reason might be the electron potential variation at the 
grain boundaries.  We can identify two possible reasons for such an electron potential 
difference.  First, defect sites along the grain boundaries trap charge carriers and build up 
a potential barrier.  This potential barrier is likely to scatter low energy electrons so that 
the electrical conductivity will decrease while the Seebeck coefficient will increase.  
Another reason may be the dopant precipitation at boundaries.  Since our doping 
concentration is higher than the solubility limit, excess amount of dopants must be 
precipitated somewhere.  A previous study suggested that P is likely to form a compound 
such as SiP which precipitates at the grain boundary.[23] Since the composition is 
different between the grain boundary region and the grain region, an electron potential 
difference will occur.  These two effects can also happen in bulk crystalline Si, but the 
effect is greater in nanostructured Si95Ge5 due to a higher boundary density. 
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3.4    Summary 
In summary, Si1-xGex was explored to investigate the respective effect of grain 
boundary scattering and alloy scattering.  While the alloy scattering was more effective in 
reducing short wavelength phonons, the nanograins could significantly reduce the 
thermal conductivity over a wide range of phonon wavelengths.  
With nanograins of size of about 20 nm, we have achieved an enhancement in ZT 
by a factor of two in nanostructured Si and of almost a factor of four in Si95Ge5 
nanocomposite in comparison with bulk crystalline Si between 900 K and 1200 K.  The 
enhancement is mainly due to the reduction in the thermal conductivity by the increased 
scattering of intermediate wavelength phonons at the nano-sized grains and by the point 
defect scattering of short wavelength phonons.  The ZT value achieved in nanostructured 
Si95Ge5 is comparable with the existing useful value of ZT = 0.95 obtained in bulk 
material with the Si80Ge20 composition.  It is clearly demonstrated that phonons with 
different wavelengths need to be matched with similar size scatterers so that effective 
phonon scattering can take place to achieve the lowest possible thermal conductivity.  
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Chapter 4  
Optimization of Thermoelectric Properties on 
Nanostructured n-type Si1-xGex Compound 
In this chapter, experimental results on the thermoelectric properties of SiGe 
nanocomposite will be discussed.  The first part of this chapter will discuss the 
optimization process of Si1-xGex (x < 0.1) materials.  The transport properties of the 
thermoelectric materials can be modified by controlling the carrier concentration level.  
In our experiment, the atomic ratio of dopants is used as a controlling factor to optimize 
the carrier concentration.  Since dopants are not soluble in Ge, different Si-Ge ratio also 
changes the carrier concentration.  Besides, since element Ge is about 10 times more 
expensive than element Si, the Ge ratio needs to be optimized in order to produce Si1-
xGex materials at low cost with high enough ZT values.  The second half of the chapter 
will demonstrate our preliminary experiment to improve the thermoelectric properties of 
SiGe samples by using different inclusion and modulation doping.  
 
	   73	  
4.1    n-type Si1-xGex Nanocomposite with Different 
Germanium Ratio  
For traditional SiGe alloys, the thermal conductivity is shown below as a function 
of Ge ratio (Figure 4.1).[1]  The lowest thermal conductivity is observed in SiGe alloys 
with 20 – 40 at% Ge ratio.  Higher Ge ratio does not necessarily mean higher ZT, because 
increasing Ge ratio also increases alloy scattering of electrons, resulting in a lower power 
factor value (S2σ).   The highest ZT values are found in Si80Ge20 alloy. 
 
Figure 4.1  The thermal conductivity of traditional SiGe alloy as a function of Ge content 
Unlike SiGe alloys containing 15 – 40 at% Ge, little work has been done to 
investigate the thermoelectric properties of the Si1-xGex (x < 10) system.[2]  With less Ge 
concentration and less alloy effect, thermal conductivity reduction caused by the enhanced 
phonon scattering can be observed even better in nanostructured Si1-xGex (x < 10) system. 
Also, while n-type Si80Ge20 alloys have long been proven the best and only thermoelectric 
materials for deep space mission and power generation in the high temperature region 
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between 600oC and 1000oC, large scale applications in conversion of solar energy and 
waste heat into electricity have to consider the cost seriously.  Low concentration of Ge is 
necessary to reduce the price of the final product since Ge is at least 100 times more 
expensive than Si.   
Therefore, we applied nanocomposite approach to investigate the Si1-xGex (x < 10) 
system by a ball milling and quick DC induced hot-press process.[3][4]  By adding 5 at% 
and 8 at% Ge, we have achieved a better thermoelectric performance in traditional Si1-xGex 
samples at high temperature region with peak thermoelectric figure-of-merit (ZT) of 0.95 
and 1.03 respectively.  
 
 
Figure 4.2  XRD spectrum (a) and TEM images with low- (b) and high- (c) 
magnifications of the Si97Ge3 nanopowders. 
Figure 4.2 shows the XRD pattern (Figure 4.2(a)) and TEM images (Figure 4.2(b)-
(d)) for the nano Si97Ge3 powder, which are typical for the Si1-xGex (x < 10) system.  The 
XRD pattern shows that the powder has a single phase.  The mean crystal size of the nano 
powder calculated by Williamson-Hall method is 5 - 20 nm.  Figures 4.2(b) shows 
particles of much larger sizes. However, those particles are agglomerates of many nano 
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crystallites. This is confirmed by the diffraction pattern (inset of Figure 4.2(b)) of one of 
those particles. The nano-sized grains of the as-pressed powder are further confirmed by 
the HRTEM (Figure 4.2(c)). 
Nanostructures of the Si1-xGex (x < 10) system are investigated by HRTEM.  
Samples are prepared by polishing and ion-milling.  Figure 4.3 shows typical TEM images 
for nano Si97Ge3P1.5(GaP)0.5 samples after hot-press.  Nanograins of 20 – 30 nm are evident.  
Although there is grain growth during the hot-press process, most small grains are retained.  
Since the mean free path for electrons is ~ 5 nm and ~ 300 nm for phonons, we expect our 
nanostructured sample have a significantly reduced phonon thermal conductivity without 
deteriorating electrical conductivity too much. In addition, the HRTEM (Figure 4.3(b)) 
shows that these nanograins have good crystallinity and random orientations. The random 
crystalline orientations also help to reduce the phonon transport efficiently.  
 
Figure 4.3  TEM images with low- (a) and high- (b) magnifications of the hot-pressed 
bulk nanostructured Si97Ge3 sample. 
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Thermoelectric property measurement results (Figure 4.4(a)) show the temperature 
dependence of the electrical conductivity of Si1-xGex samples with about 5 ~ 6×1020 cm-3 
carrier concentration.  All Si1-xGex samples shown in figure 4.4 have the same doping level 
(2.5 at% phosphorus and 1.5 at% gallium phosphide).  GaP is used to increase the 
solubility of P in Si1-xGex.[2][5][6]  The excess amount of dopants (P) will keep activating 
at high temperatures due to higher rate of activation than precipitation. The electrical 
conductivity values of Si1-xGex samples decrease with increasing Ge%, which can be 
attributed to the enhanced alloy scattering. 
The Seebeck coefficients are measured from room temperature to 900 oC. Due to 
the same doping level and similar carrier concentrations, all Si1-xGex samples in Figure 
4.4(b) show similar Seebeck coefficients.  
The Ge alloy effect on the thermal conductivity is investigated. The thermal 
conductivity as a function of Ge content at 900 oC is shown in Figure 4.4(d).  The value of 
thermal conductivity decreases abruptly with the addition of Ge, and keeps decreasing with 
extra amounts of Ge.  The temperature dependence of thermal conductivity for samples 
with different Ge% is presented in Figure 4.4(e).  The combination of alloying with 8 at% 
Ge and doping with 2.5 at% P and 1.5 at% GaP decreases κ of nano Si1-xGex to as low as 
4.7 W/mK at 900oC, which is very close to the κ value of the conventional Radioisotope 
Thermoelectric Generator (RTG) bulk Si80Ge20 alloy (4.2 W/mK at 1200 K).  While the 
RTG SiGe alloy has 20% of Ge, Ge ratio for our sample is only 8 at% or less, so that the 
alloy effect is not expected to reduce the thermal conductivity down close to the value of 
RTG.  In fact, it is the nanograins that reduce the thermal conductivity significantly.   
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Figure 4.4  Temperature dependence of electrical conductivity (a), Seebeck coefficient 
(b), power factor (c), thermal conductivity (e), and ZT (f) of nanostructured Si1-xGex (x=0, 
3, 5 and 8).  Figure 4.4(d) shows the thermal conductivity as a function of the Ge content. 
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As the decrease in thermal conductivity is substantially larger than the decrease in 
electrical conductivity, ZT increases with the increasing Ge content.  Figure 4.4(f) shows 
the temperature dependence of the best ZT for nanostructured Si1-xGex (x<10) samples of 
different Ge%, showing that the best thermoelectric performance is achieved in the 
Si92Ge8P2 sample with maximum ZT of 1.03 at 900oC. The data of a RTG Si80Ge20 sample 
is also included in figure 4.4(f) as a reference.  It is clearly shown that nanostructured Si1-
xGex (x<10) samples with 5 at% and 8 at% Ge contents have better thermoelectric 
performance than bulk Si80Ge20 alloys at high temperatures.  Considering the savings in Ge 
materials, it makes nanostructured Si1-xGex (x<10) materials much more useful as the high-
temperature power generation thermoelectric materials for large-scale applications.  
 
4.2    Optimization of Phosphorus Concentration  
4.2.1    Phosphorus Solubility in SiGe System  
Carrier concentration optimization is important in order to achieve the best 
thermoelectric properties.   The atomic ratio of the dopant (phosphorus) used in the 
starting composition is the controlling factor to adjust the carrier concentration for our 
Si1-xGex samples.  However, it is not necessarily all dopants added contribute to the 
transport, only electrical carriers from ionized dopants can contribute to the transport 
properties.  Figure 4.5(a) shows the phase diagram between Si and P.[7] 
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Figure 4.5  Phosphorus-silicon (a) and phosphorus-germanium (b) phase diagram. 
As we can see that there is only a very narrow area on the P-Si phase diagram 
near Si where only a single phase can exist.  That is the region where P is completely 
dissolved in Si as the n-tpye dopant.  P cannot be dissolved in Ge at all, as indicated by 
the P-Ge phase diagram (Figure 4.5(b)).[8]  Thus, the solubility of P gets smaller with 
increasing Ge content in SixGe1-x system. 
However, High carrier concentration is essential to achieve high ZT for the n-type 
Si/Si1-xGex (x < 0.1) systems.  Since the phonon alloying scattering is much weaker in the 
Si/Si1-xGex, electron-phonon scattering is one important scattering mechanism to reduce 
the phonon thermal conductivity κl.  High carrier concentration means high electrical 
conductivity and power factor, but it will also increase the electron thermal conductivity 
κe.   In Si/Si1-xGex systems, high carrier concentration decreases κl more than the increase 
in κe, resulting in an overall reduced thermal conductivity κ.  Figure 4.6 shows the carrier 
concentration measured using van der Pauw method [9] by a Lakeshore Hall system for 
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different Ge ratios at room temperature.  For Si/ Si1-xGex samples (Si, Si97Ge3, Si95Ge5, 
Si92Ge8) samples, 2.5 at% P and 1.5 at% GaP were added, while 2 at% P were added for 
high Ge ratio samples (Ge% > 10 at%).  GaP is known to increase the solubility limit of P 
is Si/SiGe.[10][11]  It is clear that the carrier concentration decreases as Ge ratio 
increases, and the GaP doped samples show 2 – 3 times higher carrier concentration than 
that of the SiGe samples without GaP doping. 
 
Figure 4.6  Room temperature carrier concentration for different Ge ratios. 
Even with GaP addition, the amount of P used in our experiment (2 - 3 at%) still 
exceeds the P solubility limit, and the excess amount of P will precipitate to the grain 
boundaries or form SiP compound.   
The solubility of P in Si has the retrograde character with a maximum solubility 
of about 2.4 at% at 1450 K.  Phosphorus’ solubility in Si is 1.5 at% at 1300 K and the 
solubility decreases to 0.5 at% 1000 K.  However, even if the amount of the P dopant is 
higher than the solubility, precipitation of P does not happen unless the temperature is 
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higher than 500 oC,[10]-[12] because the dopants do not have enough thermal energy to 
migrate to the grain boundaries.  When the temperature is higher than 700 oC,[13]-[15] 
the activation rate is higher than the precipitation rate, so that the dopants can get 
activated again.  Thus, P precipitate only happens in the temperature region between 500 
oC to 700 oC.   In our experiment, we rapid cooled down our sample after the hot press 
and extracted it when the temperature cooled down to 700 oC in order to prevent P dopant 
precipitation.   
 
Figure 4.7  Carrier concentration of n-type Si during the heating and cooling processes. 
Figure 4.7, provided by our collaborators at Jet Propulsion Laboratory (JPL), 
shows that carrier concentration measurement results of an as-press n-type Si sample 
(boron doped) during the heating (triangles) and cooling (circles) processes.  The carrier 
concentration values are similar when the temperature is higher than 960 K, but when 
temperature is below 960 K, the carrier concentration measured during the cooling 
process is much lower due to boron precipitation.  
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Figure 5 - 3. Carrier concentration measurement results for n-type SiGe (Measurement from JPL).10
Figure 5 - 4 shows the carrier concentration measurement results of SisoGe 20 alloys
with different P ratios at room temperature. All of the samples are fully dense samples
and the sample preparation conditions are similar. No matter how much P is added, the
carrier concentration remains at almost the same level or even lower for the sample with
5% P. As discussed earlier, 1% of P is already higher than the solubility limit in the
temperature range lower than 1200K. The amount of carrier concentration is equivalent
to 0.4% of the atomic ratio, which is the solubility limit at 800K. The results clearly
show that there exists a solubility limit, which is not affected by the amount of dopant
concentration. If the carrier concentration is controlled by the ionization rate, the
activated amount of carriers should be proportional to what we added. As in Fig. 5 - 3,
the carrier concentration can be activated even more than the solubility limit at 800K,
with quicker cooling after heat treatment. However, in this study, the comparison is made
112
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Figure 4.8  Temperature dependent measurement carrier concentration (left) and 
resistivity (right) of Si + P2.5(GaP)0.75 up to 400 oC. 
Figure 4.8 shows the temperature dependent concentration and resistivity 
measurement results of our n-type nano Si sample (Si + P2.5GaP0.75) by Lakeshore Hall 
system.  The carrier concentration was measured when the ambient temperature increased 
to 400 oC, and then slowly cooled down to the room temperature.  Unlike the results 
shown in Figure 4.7, the sample was heated up to only 400 oC, carrier concentrations 
measured during heating and cooling are very similar.  This result is consistent with the 
JPL data in Figure 4.7, indicating that dopants do not have enough thermal energy to 
precipitate under 500 oC.   
 
4.2.2    Optimization of Phosphorus Concentration in Si95Ge5 
Compound 
In this section, different P concentration effect on the thermoelectric properties of 
n-type Si95Ge5 nanocomposites will be presented.  Since carrier concentration 
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optimization is very important in order to obtain the best thermoelectric performance, a 
series of experiments with different phosphorus concentrations in Si95Ge5 were carried 
out.  In our experiment, 0.5 at% GaP was added to increase phosphorus solubility limit in 
Si95Ge5.    
Figure 4.9 shows the temperature dependent thermoelectric properties of Si95Ge5 
with different P concentrations up to 4.5 at%. The electrical resistivity of 
Si95Ge5Px(GaP)0.5 samples first decreases, then decreases as P concentration increases 
(Figure 4.9(a)).  Si95Ge5P1.5(GaP)0.5 with 1.5 at% P doping has the highest electrical 
resistivity due to the lowest P concentration, while the lowest electrical resistivity is 
obtained in Si95Ge5P2.5(GaP)0.5.  When P doping level exceeds the solubility limit, P starts 
to precipitate at the grain boundaries, resulting in increased impurity scattering of 
electrons, and hence a higher electrical resitivity.  The Seebeck coefficient values of all 
samples are similar.  The small differences in Seebeck coefficient are caused by carrier 
concentration difference.   Therefore, the power fact of Si95Ge5P2.5(GaP)0.5 is the highest 
in comparison to the other P concentrations (Figure 4.9(c)).  
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Figure 4.9  Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of nanostructured Si95Ge5Px(GaP)0.5. 
Figure 4.9(d) shows the thermal conductivity of Si95Ge5Px(GaP)0.5  samples as a 
function of temperature.  The lowest thermal conductivity of 4.3 Wm-1K-1 is obtained in 
Si95Ge5P1.5(GaP)0.5 at 750 oC due to the low electron contribution κe.  The thermal 
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conductivity increases with increasing phosphorus concentration in Si95Ge5Px(GaP)0.5 
samples.  This result is opposite to what we expected.  The thermal conductivity increases 
with the excess P doping concentration.  Since the excess amount of P dopants will 
precipitate to the grain boundaries and form a site of P or SiP compound, it is likely that 
thermal conductivity is deteriorated by the P or SiP precipitations.  However, the actual 
cause of the increase in thermal conductivity with increasing doping concentration, which 
is also observed in n-type Si80Ge20 nanocomposites, needs further detailed studies.  The 
maximum ZT is achieved in Si95Ge5P2.5(GaP)0.5 with a peak ZT value of 0.95 at 900 oC 
(Figure 4.9(e)). 
 
4.3    Optimization of Ball Milling Time  
In our experiment, nanopowders are prepared by ball milling using SPEX high-
energy ball mill machine.  Usually, longer ball milling time can create smaller 
nanoparticles.  However, ball milling for too long time will cause nanoparticles to 
agglomerate and result in transformation of crystal Si to amorphous Si.  Smaller 
nanoparticle size is desired to achieve nano-sized grains to reduce lattice thermal 
conductivity in our hot-press samples.  However, the amorphous Si will deteriorate 
sample’s electrical conductivity.  Therefore, ball milling time needs to be optimized in 
order to get the highest ZT.   
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Figure 4.10  XRD patterns of n-type Si ball milled for 10, 20, 30, 40, and 50 hours. 
In order to eliminate the alloying effect for SiGe during ball mill process, n-type 
Si samples with different ball milling time were prepared.  In this section, we will discuss 
the effect of ball milling time on the thermoelectric properties of n-type Si.  Unlike SiGe 
nanoparticles prepared by ball milling Si and Ge chunk elements, where it is hard to 
separate the ball milling time effect and alloying effect, pure Si provides us an 
opportunity to focus on the ball milling time effect.  
Figure 4.10 shows XRD spectra of the Si nanopowder prepared by ball milling for 
10, 20, 30, 40, and 50 hours.  The intensity of the XRD spectra becomes weaker for 
powder with a longer ball milling time due to the amorphous character of Si caused by 
high-energy ball milling.  It is obvious that the peak widths become broadened with 
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increasing ball milling time, which indicates that the nanoparticle size gets smaller.  
Particle size estimated using the Williamson-Hall method [16] is about 30 nm for the 10-
hour powder and 8 nm for the 50-hour powder respectively.   
 
Figure 4.11  TEM image of the hot pressed Si +P2.5(GaP)0.75 samples using the 10-hour 
and 30-hour ball milling powder. 
TEM images (Figure 4.11) show that the average grain size of the sample 
prepared by the nanopowder of longer ball milling time is much smaller.  The average 
grain size is about 500 nm (Figure 4.11(a)) and 30 nm (Figure 4.11(b)) for the hot pressed 
samples using the 10-hour and 30-hour ball milling time powder respectively.  
The temperature dependent electrical resistivity, Seebeck coefficient, power factor, 
thermal conductivity, and ZT of Si +P2.5(GaP)0.75 are shown in Figure 4.12(a)-(e).  Figure 
4.12(a) clearly shows that the electrical resistivity of Si +P2.5(GaP)0.75 increases as ball 
milling time increases, while Seebeck coefficient decreases with longer ball milling time.  
This could be caused by the reduction in the mobility of charge carriers.  Sample hot 
	   88	  
pressed from powder with a longer ball milling time has smaller grain size.  Thus, the 
charge carriers get scattered more frequently in the sample with an increased grain 
boundary density, resulting in a lower mobility.  
 
Figure 4.12  Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of Si +P2.5(GaP)0.75 with different 
ball milling time.  
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However, different ball milling time has little effect on Seebeck coefficient 
(Figure 4.12(b)), thus the power factor (S2σ) decreases (Figure 4.12(c)) with increasing 
ball milling time.  
Besides, the thermal conductivity decreases significantly with increasing ball 
milling time as well (Figure 4.12(d)).  For n-type Si, the thermal conductivity is 
dominated by the lattice part κL.  The reduction of thermal conductivity mainly comes 
from the enhanced phonon scattering at the grain boundaries in the longer ball milling 
time sample, which has a smaller average grain size.   
Figure 4.12(e) shows that the 30-hour and 40-hour ball milling time sample have 
the highest peak ZT value of about 0.53 at 900 oC.  Although the 50-hour sample has the 
lowest thermal conductivity of 8.6 Wm-1K-1, it has a lower peak ZT of 0.48 at 900 oC, 
because the power factor is significantly lowered by the deteriorated electrical resistivity.  
In conclusion, for samples with longer ball milling time, the thermal conductivity 
decreases due to the increased phonon scattering.  The electrical conductivity decreases 
as well, which can be attributed to both the increased phonon scattering and formation of 
amorphous Si.  The optimized SPEX ball milling time is found to be between 30 and 40 
hours. 
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4.4    n-type SiGe Power Factor Enhancement by 
Modulation Doping  
In previous sections, we mainly focuses on lowering the thermal conductivity 
using the nanocomposite approach in order to achieve high ZT.   In this section, I will 
demonstrate our preliminary experiment results of the modulation doping approach to 
improve ZT by enhancing power factors.    
 Even though there is no theoretical limit on the power factor,[17] only few 
strategies have been proposed to enhance the power factor.  Most of the strategies are 
based on increasing Seebeck coefficient by low dimension quantum confinement,[18] 
energy filtering,[19][20] or introducing a resonant energy state.[21]  Only resonant 
energy states have demonstrated an increased power factor in bulk form materials.  
We proposed a modulation doping approach,[22] which can enhance the power 
factor by increasing the carrier mobility.  In modulation doping, doping of a 
heterostructure is implemented in a way that charge carriers are spatially separated from 
the ionized parent dopants.  As a result, scattering of moving charge carriers by the 
ionized impurities is avoided, thus the mobility of the charge carriers is higher.  
Modulation doping is widely used in semiconductor industry for superlattice structure.  A 
typical modulation doped superlattice structure usually consists of a doping layer, an 
undoped layer, and a spacer layer, which separates the ionized dopants from the undoped 
layer.  The heterointerface is located between the undoped layer and the spacer layer, and 
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it separates the two regions energetically.[23]  Therefore, the carriers can travel to the 
undoped layer and travel freely with much less scattering from the ionized impurities.   
 
Figure 4.13  Schematic of modulation doping concept for nanocomposite SiGe system. 
In our experiment, we apply the modulation doping concept to our nanocomposite 
SiGe materials by mixing two types of nanopowders together followed by hot pressing, 
as shown in Figure 4.13.  The “doping layer” for our modulation doped SiGe sample is 
the phosphorus (P) doped Si and the “undoped layer” is the undoped SiGe.   
The electrons contributed by the n-type Si nanoparticle can travel to the undoped 
SiGe, while the ionized impurities are confined within the Si nanoparticles.  The ionized 
impurity scattering can be reduced in this way.  Modulation doping is less effective in our 
nanocomposite samples because there is no spacer layer to separate the doped n-type Si 
nanoparticles and the undoped SiGe host.  But, as long as the scattering at the interfaces 
of n-type Si/SiGe is not as strong as that among the uniformly distributed dopants, our 
modulation doping approach should be able to improve the power factor.  
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Figure 4.14  The temperature dependence of electrical resistivity (a), Seebeck coefficient 
(b), power factor (c), thermal conductivity (d) and ZT (e) of modulation samples with 
compositions of (Si80Ge20) : (S100P3) = 50% : 50%, 70% : 30%, 80% : 20%, and 90% : 
10%. 
The SiGe and P-doped Si nanopowders are both prepared by ball milling the raw 
materials separately by SPEX ball mill machine for 10 hours.  Then SiGe and n-type Si 
nanopowders are mixed by SPEX for 30 minutes, followed by DC hot press.  
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We have studied the thermoelectric properties of the Si80Ge20 host with different 
concentration of n-type Si (S100P3) nanoparticle dopants.  The modulation doping level of 
S100P3 varies from 10 at% to 50 at%.  The temperature dependent thermoelectric 
properties of modulation samples with compositions of (Si80Ge20) : (S100P3) = 50% : 50%, 
70% : 30%, 80% : 20%, and 90% : 10% are presented in Figure 4.14.   
(Si80Ge20)70(S100P3)30 and (Si80Ge20)80(S100P3)20 samples have very similar 
properties.  (Si80Ge20)90(S100P3)10 exhibits much lower ZT due to high electrical resistivity 
which can be attributed to the low (S100P3) ratio and higher Ge defect concentration.  
Overall, the electrical resistivity and Seebeck coefficient both decreases as the ratio of 
(S100P3) increases (Figure 4.14(a),(b)), resulting in the similar power factors except 
(Si80Ge20)90(S100P3)10 (Figure 4.14(c)).  The thermal conductivity increases as the ratio of 
(S100P3) increases (Figure 4.14(d)), which seems to be dominated by the Ge alloying 
scattering.  The maximum ZT of about 1.1 is obtained in (Si80Ge20)70(S100P3)30 and 
(Si80Ge20)80(S100P3)20 at 900 oC (Figure 4.14(e)). 
In order to check whether the power factor is improved our modulation doping, 
uniformly doped SiGe samples with the same stoichiometry as the modulation doping 
sample were prepared.  The thermoelectric properties of the uniformly doped Si84Ge16P0.6 
were studied to compare with the modulation doping sample (Si80Ge20)80(S100P3)20.  
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Figure 4.15  Temperature dependent electrical conductivity (a), Seebeck coefficient (b), 
power factor (c), diffusivity, specific heat capacity (d), thermal conductivity (e), and ZT 
(f) of the modulation doping (Si80Ge20)80(S100P3)20, uniformly doped Si84Ge16P0.6, and 
SoA SiGe.[22] 
Figure 4.15 shows the temperature dependent thermoelectric properties of the n-
type modulation doping sample (Si80Ge20)80(S100P3)20 and the same stoichiometry 
uniformly doped Si84Ge16P0.6 with the state-of-the-art (SoA) bulk crystalline SiGe as a 
reference.  The electrical conductivity of the modulation sample is higher than the 
uniformly doped sample (Figure 4.15(a)), whereas the Seebeck coefficient values are 
similar in high temperature regions (Figure 4.15(b)).  The power factor of the modulation 
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doping sample is 39 µWcm-1K-2 at 900 oC, which is much higher than that of the 
uniformly doped Si84Ge16P0.6 of only 33 µWcm-1K-2 and 31 µWcm-1K-2 for SoA SiGe 
(Figure 4.15(c)).  This suggests the modulation doping works.  However, the thermal 
conductivity of the modulation doping sample is higher than that of the uniformly doped 
sample (Figure 4.15(d),(e)), giving ZT 1.13 at 900 oC compared to 1.05 for Si84Ge16P0.6  
(Figure 4.15(f)).  The increase in thermal conductivity is mainly due to the presence of 
silicon grains, which have very high lattice thermal conductivity.   
In summary, we have demonstrated that using the modulation doping approach, 
one can increase the power factor significantly.  The power factor of n-type modulation 
doping sample (Si80Ge20)80(S100P3)20 is improved by 20% over that of the uniformly 
doped Si84Ge16P0.6.   The thermal conductivity of the modulation doping sample increases 
as well because of the inclusion of the high thermal conductivity silicon particles, 
resulting in overall small improvement in ZT.  However, the increase in the power factor 
signifies a new strategy to improve the electron performance in bulk materials.  Future 
works are needed to understand and engineer the heterojunction to further develop the 
modulation approach. 
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Chapter 5 
Thermoelectric Properties of n-type In4Se3-x 
Compound 
In this chapter, I will discuss the experiment and thermoelectric properties of bulk 
polycrystalline In4Se3-x compounds.  In4Se3-x compounds exhibit extremely low thermal 
conductivity due to charge-density wave (CDW) and Peierls distortion.[1]  The In4Se3-x 
sample was prepared by ball milling and direct current induced hot press.  I will show 
that it is possible to both effectively control the electrical conductivity and reduce the 
thermal conductivity at the same time by controlling the Selenium (Se) deficiency level x.  
A similar peak ZT of about 1 is achieved in nanocomposite In4Se2.35 and In4Se2.2.[2]  
Microstructure studies were carried out to investigate the structural properties in order to 
understand the cause of the low thermal conductivity. 
 
5.1    Introduction 
Bulk single crystal In4Se3 presents an extremely low thermal conductivity in the 
b-c plane due to the charge-density wave (CDW) and Peierls distortion.[1]  In4Se3 
crystallizes in a layered structure with weak van der Waals bonding between the layers 
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along a axis and strong covalent bonding within the layer in b-c plane.[1][3]  The crystal 
structure is shown in Figure 5.1.  The layered structure is formed of (In3)5+ clusters which 
are covalently bonded to Se ions in the b-c planes.  The quasi-two-dimensional (quasi-2D) 
layered crystals, and consequently the absence of free unsaturated electron bonds on the 
cleavage surfaces do not quite apply to In4Se3, as the layers are not perfectly flat but 
corrugated,[3][4] resulting in quasi-one-dimensional chain structure along the a axis.     
 
Figure 5.1  Crystal structure of In4Se3.[1] 
The b-c plane corrugated layered structure makes In4Se3 different from other 
materials with the layered structures, i.e. Bi2Te3 et al.  The b-c plane thermal conductivity 
of the single crystal In4Se3 is reported to be as low as 7.04 Wm-1K-1 at 700 K, resulting in 
ZT of 1.48.[1]  However, single crystal In4Se3 shows strong anisotropic properties.  
Compared to ZT of 1.48 in b-c plane, the ZT value in the a-b plane is only about 0.5 at 
700 K.  Although polycrystalline In4Se3-x compounds do not have an anisotropy problem, 
the highest reported ZT is only about 0.6,[5][6] which is not good enough for 
thermoelectric applications.   
LETTERS
Peierls distortion as a route to high thermoelectric
performance in In4Se32d crystals
Jong-Soo Rhyee1, KyuHyoung Lee1, SangMock Lee1, EunseogCho1, Sang Il Kim1, Eunsung Lee1, Yong Seung Kwon2,
Ji Hoon Shim3 & Gabriel Kotliar4
Thermoelectric energyharvesting—the transformationofwasteheat
into useful electricity—is of great interest for energy sustainability.
The main obstacle is the low thermoelectric efficiency of materials
for converting heat to electricity, quantified by the thermoelectric
figure of merit, ZT. The best available n-type materials for use in
mid-temperature (500–900K) thermoelectric generators have a
relatively lowZT of 1 or less, and so there is much interest in finding
avenues for increasing this figure of merit1. Here we report a binary
crystalline n-type material, In4Se32d, which achieves the ZT value of
1.48 at 705K—very high for a bulk material. Using high-resolution
transmission electron microscopy, electron diffraction, and first-
principles calculations, we demonstrate that this material supports
a charge density wave instability which is responsible for the large
anisotropy observed in the electric and thermal transport. The high
ZT value is the result of the high Seebeck coefficient and the low
thermal conductivity in the plane of the charge density wave. Our
results suggest a new direction in the search for high-performance
thermoelectric materials, exploiting intrinsic nanostructural bulk
properties induced by charge density waves.
Over the past decade, there has been a renewed focused effort on
thermoelectricmaterialsmotivatedby the increasing societal needs for
renewable energy and by technological advances in nanoscale science.
The thermoelectric performance of a givenmaterial is characterizedby
the materials’ dimensionless figure of merit ZT (ZT5 S2sT/k, where
Z, S, s, T, and k are respectively a measure of the material’s ther-
moelectric properties, Seebeck coefficient, electrical conductivity,
absolute temperature, and thermal conductivity), which can be
enhanced by following two approaches. The first seeks to minimize
the thermal conductivity by promoting phonon scattering and locali-
zation while preserving the itineracy of the electron transport2–6. The
second seeks to enhance the power factor S2s through the quantum
confinement effect in reduced dimensionalities7,8.
Recently, a new approach to ultralow thermal conductivity was
explored. It was suggested that the layered structure of disordered
two-dimensional crystalline sheets may have extremely low thermal
conductivity9. Based on this, we propose the possible application of
charge density waves (CDWs) to thermoelectricity. The CDW is a
low-dimensional transport phenomenon involving strong electron–
phonon coupling10. This strong interaction breaks the translational
symmetry of lattices. The in-plane lattice distortion by CDWs of
layered structured materials may realize the concept of layered and
disordered crystalline sheets. In spite of the possible low thermal con-
ductivity in a CDW system, it is necessary to select one type of carrier
transport (electron or hole) to achieve a high power factor, because
mixed carrier transport (electrons and holes) suppresses the Seebeck
coefficient11. In4Se3 provides an interesting realization of a material
with reduced dimensionality, supporting quasi-one-dimensional In-
chains12, nanorod structures13, and asymmetric banddispersion14. The
crystal structure of In4Se3 is shown in Fig. 1. It forms a layered struc-
ture of (In3)
51 clusters covalently bonded to Se ions in the b–c planes
held together by van derWaals interactions along the a axis. Although
the layered crystal structure is similar to the conventional Bi2Te3
compound, the intrinsic properties of the nanorod structure and
the quasi-one-dimensional chains of In4Se3 are different from those
of Bi2Te3 and similar alloyed compounds. It is a bandgap semi-
conductor having a sizable bandgap of 0.5–1.0 eV with anisotropic
banddispersions14. To reduce the energy of the bandgap,we employed
self doping by Se deficiency, that is, a compound of formula In4Se32d.
We successfully grew two Se-deficient In4Se32d crystal ingots; In59Se41
(In4Se2.78, d5 0.22) and In63Se37 (In4Se2.35, d5 0.65). From X-ray
diffraction of the cross-sectional plane of the grown crystal, we find
that the growth direction contains the a–b plane, whereas the perpen-
dicular to the growth direction has twomixed crystalline orientations
of b–c and a–c planes (Supplementary Information); here we denote
the perpendicular to the growth direction as the b–c plane, for con-
venience, because electrical conduction is thought to be dominant
along the b–c plane, based on the results of band structure calculation
of In4Se32d (d5 0.25).
Figure 2 shows representative thermoelectric properties of
In4Se2.35 (d5 0.65) along the growth direction (a–b plane, squares)
and perpendicular to the growth direction (b–c plane, red circles),
together with results from theoretical Boltzmann transport calcula-
tions. As shown in Fig. 2a, the thermal conductivity k(T) of In4Se2.35
is ve y low (#1.2Wm21 K21 at 300K) along the b–c plane, and it
1Materials Research Laboratory, Samsung Advanced Institute of Technology, Yongin 446-712, Korea. 2Department of Physics, Sung Kyun Kwan University, Suwon 440-746, Korea.
3Department of Chemistry, Pohang University of Science and Technology, Pohang 790-784, Korea. 4Department of Physics and Astronomy, Rutgers University, Piscataway, New
Jersey 08854-8019, USA.
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Figure 1 | Crystal structure of In4Se3. Perspective view of the a–b plane.
Covalently bonded In–Se layers are stacked along the a-axis direction by
relatively strong van der Waals interactions.
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We note that In4Se3 has relatively high electrical resistivity, and the thermal 
conductivity exclusively comes from the lattice thermal conductivity.  Thus, we adopted 
the nanocomposite approach to In4Se3-x system,[7] expecting to observe reduced lattice 
thermal conductivity due to the enhanced phonon scattering by the nanogains or 
nanostructures in our hot-pressed samples.  Besides, since In4Se3 has a sizable bandgap of 
0.5 – 1.0 eV, which can be modified by controlling the Se deficiency concentration, 
different Se-deficiency doped In4Se3-x samples were prepared so as to optimize the 
thermoelectric properties. 
 
5.2    Synthesis and Characterization of In4Se3-x 
Compound 
In our work, different amounts of indium (In) and selenium (Se) elements were 
mixed together and pulverized into nanopowders by ball milling.  All weighing and 
loading of the materials were operated inside a glove box filled with argon gas.  The 
nanopowders were hot pressed into discs by a quick direct current induced hot pressing 
process at 540 °C.  X-ray diffraction (XRD, Bruker-AXS, D8), scanning electron 
microscopy (SEM, JEOL-6340F), and high-resolution transmission electron microscopy 
(HRTEM, JEOL-2010F) were used to characterize the nanopowders and hot-pressed bulk 
samples.  The electrical conductivity and Seebeck coefficient were measured 
simultaneously on the same bar samples of about 2 × 2 × 12 mm in a multi probe 
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transport system (Ulvac ZEM-3).  The thermal diffusivity (α) was measured using a laser 
flash system (Netzsch LFA 457) and the heat capacity (Cp) was measured by a 
commercial differential scanning calorimeter (DSC 200 F3).  The density of the hot-
pressed samples was measured using an Archimedes’ kit.  The density of our hot pressed 
In4Se3-x (x = 0 – 0.8) samples is ~ 5.93 – 6.03 g cm-3 that is very close to the theoretical 
value.  The thermal conductivity κ is obtained as the product of thermal diffusivity (α), 
sample density (ρ), and heat capacity: κ = αρCp. 
 
Figure 5.2  XRD pattern of dense bulk samples In4Se2.35 after hot pressing. 
N-type bulk In4Se3-x (0 < x < 0.8) nanocomposite bulk samples were fabricated 
and measured from room temperature to 700 K.  Figure 5.2 shows the XRD spectrum of 
In4Se2.35 bulk samples after hot pressing.  XRD pattern confirms that the major phase of 
our samples is In4Se3 phase.  Since In4Se3-x is thermodynamically unstable,[8] weak 
indium impurity phase was also detected in some of the In4Se3-x samples.	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FIG. 1. XRD pattern of dense bulk samples In4Se2.35 afte hot
pressing.
x= 0.5, then increases with x. With increasing Se deficiency x
from 0 to 0.8, In4Se3−x samples change conducting behaviors:
In4Se3 and In4Se2.2 are semiconductors whereas In4Se2.5
shows semim tallic behaviors, especially at around room
temperature, with both hole and electron carriers, which results
in a relatively lower electrical resistivity of 1.7 × 10−4! m
at room temperature. The effective carrier concentration n of
In4Se2.5, measured by using the van der Pauw method,16 is
1.68 × 1018 cm−3 at 25 ◦C, almost two orders of magnitude
higher than 4.02 × 1016 cm−3 (In4Se3) and 4.13 × 1016 cm−3
(In4Se2.2). The mobility of In4Se3−x samples varies from
29.1 cm2 V−1 S−1 (In4Se2.5) to 189 cm2 V−1 S−1 (In4Se3),
which is lower than the reported value.4 The relatively
low mobility in our In4Se3−x samples is mainly due to the
increased scattering of the charge carriers by the increased
number of grain boundaries and defects in our ball-milled and
hot-pressed samples.
Large negative Seebeck coefficient values are observed
in In4Se2.2, In4Se2.35, and In4Se3 samples [Fig. 2(b)]. The
semiconducting In4Se2.2 sample shows a maximum Seebeck
coefficient of about −560µV K−1 at room temperature,
whereas semimetallic In4Se2.5 sample shows the lowest See-
beck coefficient of −26µV K−1 at room temperature due to
the existence of both types of carriers. The thermoelectric
power factor (S2σ ) is shown in Fig. 2(c). Because of the low
electrical transport properties, S2σ values are small for all
In4Se3−x samples.
Figures 2(d) and 2(f) show the temperature dependence
of the thermal conductivity κ and dimensionless figure of
FIG. 2. (Color online) Temperature-dependent electrical resistivity (a), Seebeck coefficient (b), power factor (c), thermal conductivity (d),
specific heat Cp and diffusivity (e), and ZT (f) of hot-pressed dense bulk samples In4Se3−x . The inset in (a) shows the electrical resistivity
dependence of Se deficiency.
115201-2
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Figure 5.3  Temperature-dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), specific heat Cp and diffusivity (e) and ZT (f) 
of hot pressed dense bulk samples In4Se3-x.  The inset in (a) shows the electrical 
resistivity dependence of Se deficiency. 
Figure 5.3 shows the transport properties of In4Se3-x with different Se deficiency 
concentrations (x = 0, 0.5, 0.65 and 0.8).  The electrical resistivity ρ, as shown in Figure 
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5.3(a), first decreases with increasing Se deficiency concentration up to x = 0.5, then it 
starts to increase.   
By increasing Se deficiency x from 0 to 0.8, In4Se3-x turns into a semimetal, and 
then evolves back to semiconductor again.  In4Se2.5 shows strong semimetallic behaviors, 
especially at room temperature region, with both hole and electron carriers, which results 
in very low Seebeck coefficient (Figure 5.3(b)) and electrical resistivity.  The effective 
carrier concentration n of In4Se2.5 sample (x = 0.5), measured by using the van der Pauw 
method,[9] is 1.68 × 1018 cm-3 at 300 K, comparing to only 4.02 × 1016 cm-3 and 4.13 × 
1016 cm-3 for In4Se3 (x = 0) and In4Se2.2 (x = 0.8) respectively.  The mobility of In4Se3-x 
varies from 29.1 cm2 V-1 S-1 (In4Se2.5) to 189 cm2V-1S-1 (In4Se3), which is lower than that 
reported by Rhyee.[6]  The relatively low carrier concentration and mobility in our 
In4Se3-x is mainly due to the increased scattering of the charge carriers by the increased 
number of grain boundaries and defects in our ball mill and hot-pressed samples.   
Large negative Seebeck coefficient values are observed in In4Se2.2, In4Se2.35 and 
In4Se3 (Figure 5.3(b)).  Maximum Seebeck coefficient of about – 560 µV/K is observed 
in In4Se2.2 (x = 0.8) at room temperature.  Semimetallic In4Se2.5 (x = 0.5) exhibits the 
lowest Seebeck coefficient of – 26 µV/K at room temperature due to the existence of both 
types of carriers.  The thermoelectric power factor (S2σ) is shown in Figure 5.3(c).  
Because of the poor electrical transport properties, S2σ values are small for all In4Se1-x 
samples. 
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Figure 5.3(d) and (e) show the temperature dependence of the thermal 
conductivity κ and dimensionless figure-of-merit ZT.  As shown in Figure 5.3(d), the 
thermal conductivity κ decreases from 0.75 Wm-1K-1 to 0.41 Wm-1K-1 at 425 °C with 
increasing temperature for In4Se2.2 that has the lowest thermal conductivity among all 
samples, which is about 40% lower than the reported value in the polycrystalline In4Se3-x 
compounds.  The low thermal conductivity in our In4Se3-x samples should be attributed to 
the defect induced phonon scattering by the Se deficiency sites and enhanced phonon 
scattering due to the higher grain boundary density.  Figure 5.3(e) shows the thermal 
diffusivity and specific heat capacity values of In4Se3-x samples.  Very low diffusivity 
values are observed in all In4Se3-x samples and the diffusivity decreases with increasing 
Se deficiency in high temperature region, indicating strong phonon scattering by Se 
vacant sites.   ZT (Figure 5.3(f)) increases with temperature and reaches the maximum 
value at 425 °C.  Owing to the significantly reduced thermal conductivity, the hot pressed 
In4Se3-x samples exhibit peak ZT values of 0.97 and 0.96 at 425 °C for In4Se2.2 and 
In4Se2.35 samples, respectively.[2]  
In order to understand the mechanism of the thermal conductivity reduction and 
ZT enhancement in the hot pressed In4Se3-x samples, preliminary TEM studies were 
carried out.  The TEM specimens were prepared by both focused ion beam (FIB) using 
standard H-bar method and mechanical polishing down to several microns using tripod, 
then Ar+ ion-milling using Gatan PIPS.  Unfortunately, it turned out that the sample 
preparation is very challenging, the specimens were very easily contaminated.  The 
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contamination might be caused by decomposition of In4Se3.  DSC measurement result 
also confirms phase transition at the elevated temperature (Figure 5.4).   
 
Figure 5.4  DSC measurement signal for In4Se2.35. 
The green line in Figure 5.4 is the baseline and the red line is the signal line for 
In4Se2.35.  There is a dip at 156 oC which is the same temperature as the melting point of 
In.  Since there is extra In for our In4Se3-x samples, the extra In melts when the 
temperature is higher than 156 oC.  It is likely that In4Se3-x decomposes and re-
crystallized on the specimen surface during the FIB and ion-milling process, resulting in 
TEM sample contamination. 
Figure 5.5(a) shows a typical TEM image of the ion-milled TEM specimens for 
In4Se2.2 from which we can clearly see that the average grain size is about 400 – 700 nm 
(Figure 5.5(a)), due to the grain growth during the hot pressing process.  Although the 
grain size is much smaller than the conventional polycrystalline compounds, they are still 
too big to effectively scatter phonons and cannot be the reason to explain the low thermal 
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conductivity in Figure 5.3(d).  In order to study the microstructures of the grains by 
HRTEM, a clean specimen was carefully mechanically polished to electron transparent 
by tripod without using Ar+ ion-mill to prevent contamination.  The TEM specimen 
prepared in such a way is clean without any contamination, but the area which is thin 
enough for TEM is rather small.  HRTEM of the In4Se2.2 specimen (Figure 5.5(b)) shows 
that there are some nanoscale features of sizes up to 10 nm inside the grains.  The energy 
dispersive X-ray spectroscopy (EDS) result shows that the nanoscale inclusions have the 
same composition with the nearby matrix within EDS experimental error (± 1 at%).   
 
Figure 5.5  (a) Low magnification TEM image of the typical hot pressed In4Se3-x samples 
and (b) nanoscale inclusions found in high-resolution images. 
Moreover, we also noticed that there are many dislocations and point defects in 
our hot pressed samples.  In order to investigate the dislocations in the specimens, the 
fast-Fourier-transform (FFT) of HRTEM images are generated using the Digital 
Micrograph software (Gatan Inc., PA). A series of inverse Fast-Fourier-Transferred 
(IFFT) images are reconstructed from mask-applied FFT of HRTEM images. The 
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dislocations distinguished as lattice discontinuities are directly observed from these 
reconstructed IFFT images.  The estimated dislocation density (ND) is higher than 1012 
cm-2.  The relatively low mobility measured in the hot pressed In4Se3-x samples should be 
resulted from the high density of dislocations and point defects.  We believe that the 
increased grain boundary density, line dislocation density, nanoscale inclusions, and, 
especially, the Se vacant sites all contribute to the reduced phonon thermal conductivity 
κph.   
A couple of interesting things need to be pointed out for this material system: 1) 
the electrical conductivity in the range of 2 × 102 to 6 × 103 Sm-1 is too low for the 
materials to be good thermoelectric materials with very high ZT so there is a large room 
for improvement in ZT if a suitable dopant can be found to significantly increase the 
electrical conductivity without adversely affecting the Seebeck coefficient, and 2) the 
conducting behavior change from semiconducting to semimetallic with the Se deficiency 
deserves further detailed study.  
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5.3    Power Factor Enhancement of In4Se3 Compound 
with Different Inclusions  
5.3.1    Enhancement of Power Factor in In4Se3 with Iodine 
Doping 
Although In4Se3 compounds exhibit good ZT of about 1 at 425 oC, it is useless in 
any practical application, because ZT decreases very fast as temperature decreases.  What 
is important for a good thermoelectric material is that it should have a high average ZT 
over a wide temperature range.  Further improvement is required to make this material a 
good candidate for the medium temperature region applications.  Since the electrical 
conductivity and thermal conductivity are both extremely low for In4Se3, it is not likely 
that there is much room for improving ZT by further reducing the thermal conductivity.   
Therefore, We attempted Iodine (I) doping in order to increase the carrier 
concentration of In4Se3.  Indium has one more valence band electron than Selenium.  It is 
possible that the electrical conductivity and power factor could be improved by I-doping.  
In our experiment, In4Se2.2I0.03 samples were prepared by ball milling stoichiometric 
amount of In, Se and I elements.  The nanopowders were hot pressed at 520 oC. 
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Figure 5.6  Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of In4Se2.2I0.03 and In4Se2.2. 
I-doping effect on thermoelectric properties of the In4Se2.2 is shown in Figure 5.6. 
The composition of the sample is In4Se2.2I0.03 (3 at% I-doping).  The electrical resistivity 
decreases significantly in I-doped sample at room temperature (Figure 5.6(a)).  The I-
doped In4Se2.2I0.03 shows metallic behavior of the electrical resistivity instead of 
semiconducting behavior.  The room temperature resistivity of In4Se2.2I0.03 is 1.5 × 10-4 
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(ohm m), compared to 5 × 10-3 (ohm m) of In4Se2.2.  The significant improvement in the 
electrical conductivity should be caused by the increased carrier concentrations, as the 
Seebeck coefficient of In4Se2.2I0.03 is much lower than In4Se2.2 (Figure 5.6(b)).  
In4Se2.2I0.03 and In4Se2.2 show similar power factor at 425 oC, but the enhancement in 
power factor over the whole temperature range of the I-doped sample is obvious in Figure 
5.6(c).  Figure 5.6(d) shows the thermal conductivity of In4Se2.2I0.03 and In4Se2.2.  The 
thermal conductivity of In4Se2.2I0.03 is as high as 0.82 Wm-1K-1, while it is only 0.4 for 
In4Se2.2.   Similar Cl-doped In4Se3 has been reported to have an even lower thermal 
conductivity than In4Se3 compounds.[10]  However, it seems the lattice thermal 
conductivity of In4Se2.2I0.03 increases significantly by I-doping, resulting in a much lower 
ZT of only 0.5 at 425 oC (Figure 5.6(e)). 
 
5.3.2    In4Se3 with Thallium Doping 
Thallium was added to our In4Se2.2 sample as well in order to improve the 
electrical conductivity and power factor.  The experiment results of the 1 at% Tl doped 
In4Se2.2 (In4Se2.2Tl0.01) are shown in Figure 5.7.  The room temperature electrical 
resistivity of In4Se2.2 is greatly reduced from 5 × 10-3 (ohm m) to about 1 × 10-3 (ohm m) 
by Tl-doping (Figure 5.7(a)).  The Seebeck coefficient of In4Se2.2Tl0.01 decreases 
accordingly due to the higher carrier concentration in the Tl-doped sample (Figure 5.7(b)).  
The power factor values of In4Se2.2 and In4Se2.2Tl0.01 are similar up to 300 oC, and 
In4Se2.2Tl0.01 shows a higher power factor at high temperature region (Figure 5.7(c)).   
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Figure 5.7  Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of In4Se2.2Tl0.01 and In4Se2.2. 
Figure 5.7(d) shows the thermal conductivity for both samples.  In4Se2.2Tl0.01 
shows a much higher κ of 1.03 Wm-1K-1 at room temperature, which can be mainly 
attributed to the low electrical resistivity.  However, despite the similar electrical 
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resistivity at 425 oC, the thermal conductivity of In4Se2.2Tl0.01 is 0.53 Wm-1K-1, while κ is 
only 0.40 Wm-1K-1 for In4Se2.2.  Therefore, the peak ZT is lowered to 0.81 for Tl-doped 
In4Se2.2Tl0.01. 
 
5.4    Summary 
Dense bulk In4Se3-x samples with different Se deficiencies were prepared by ball 
milling and hot pressing.  Semimetallic behavior was observed when the Se deficiency x 
is close to 0.5.  High Se deficiency (x = 0.65 and 0.8) doesn’t deteriorate the electrical 
properties, but rather reduces the thermal conductivity, resulting in improved ZT values.  
A peak ZT of about 1 is achieved in In4Se2.2 at 425 ºC, which is about 50% higher than 
the previously reported highest value for polycrystalline samples.  This ZT enhancement 
mainly comes from the reduction of thermal conductivity due to the increased phonon 
scattering by high Se deficiency, defects and nanoscale inclusions. 
Iodine and thallium doping were used to improve electrical conductivity and 
power factor by increase carrier concentrations.  The electrical conductivity is greatly 
improved by iodine and thallium doping, especially at the low temperature region.  
Higher power factors are obtained in both I-doped and Tl-doped In4Se2.2 samples.  
However, both electron and phonon thermal conductivity are deteriorated by iodine and 
thallium inclusions, resulting in low ZTs  
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Chapter 6 
Thermoelectric Properties of β-Zn4Sb3 
Compound 
β-Zn4Sb3 is a promising thermoelectric material because of its high thermoelectric 
performance and the abundance of Zn and Sb in nature.  Since there are many phases 
exist near Zn : Sb = 4 : 3 region in the Zn-Sb phase diagram and zinc is highly diffusive,  
it is difficult to synthesize samples pure β-Zn4Sb3 phase.  Experiment results of Zn4+xSb3 
(-0.7 < x < 0.4) with different Zn ratio will be presented.  The Zn4Sb3 were prepared 
either by direct ball milling from elements or by furnace melting.  The effect of inclusion 
of the secondary phases on the thermoelectric properties of Zn4Sb3 system are will be 
discussed in this chapter.  The microstructure characterizations of Zn4+xSb3 are presented 
in the second part of the chapter. Transmission electron microscopy observations of the 
nanostructures suggest that the precipitated ZnSb, Zn-rich nanoparticles, and nano voids 
all contribute to the extraordinarily low thermal conductivity.   
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6.1    Introduction     
The Zn4Sb3 compound has attracted a lot of interest as a promising thermoelectric 
material since it exhibits one of the best ZTs in the relatively moderate temperature range 
from 200 to 400 oC.  It also has the advantage of lead free and Zn and Sb abundance in 
nature.  However, the Seebeck coefficient and electrical conductivity of Zn4Sb3 are not 
exceptionally high.  The high ZT mainly results from an extraordinary low lattice thermal 
conductivity (κl) which can be explained by additional phonon scattering by the 
interstitial zinc atoms inside the crystalline lattice.[1] 
 
Figure 6.1  Sb-Zn Phase Diagram.[2] 
	  
Sb-Zn (Antimony-Zinc)
H. Okamoto
The Sb-Zn phase diagram in [Massalski2] is based on old
data published before 1966. The phase diagram of this
system has been studied extensively by many authors (more
than ten sources can be found in [2006Adj]). Recent
experimental and theoretical studies were reported by
[2000Liu], [2001Iza], [2007Adj], and [2007Li]. Their phas
diagrams are very similar although the topology is slightly
different. The true equilibrium phase diagram may be
determined by a careful study taking into account the
differences among these reports. The Sb-Zn phase diagram
obtained by the most recent thermodynamic assessment by
[2007Li] is shown in Fig. 1.
Table 1 shows Sb-Zn crystal structure data summarized
based on [Massalski2] and [2006Adj].
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The Sb-Zn phase diagram is shown in Figure 6.1.[2]  It is known that Zn4Sb3 
undergoes two structural phase transitions upon increasing temperature: from α-Zn4Sb3 
phase to β-Zn4Sb3 phase at 263 K, and to γ-Zn4Sb3 phase at 765 K.[3][4]  XRD studies 
shows an R-centered hexagonal unit cell for β-Zn4Sb3 above 250 K, which changes into a 
C-centered monoclinic unit cell for α-Zn4Sb3 below 250 K.  Our work focuses on only β-
Zn4Sb3 phase since the measurements were from room temperature to 400 oC.   
 
Figure 6.2  Crystal structure of β-Zn4Sb3 without Zn interstitials.[1] 
The room temperature structure of Zn4Sb3 is rhombohedral with space group .  
Figure 6.2 shows the crystal structure of β-Zn4Sb3 without Zn interstitials.  The unit cell 
contains three distinct atomic positions to host 36 Zn2+, 18 Sb3-, and 6 Sb24- ions.  The 
charge balance requires 39 Zn2+, resulting in a charged balanced composition of Zn3.9Sb3.  
ARTICLES
460 nature materials | VOL 3 | JULY 2004 | www.nature.com/naturematerials
The core structure of Zn4Sb3 (Fig. 2), common to all structure
solutions7,10, contains three distinct atom positions (36 Zn(1),18 Sb(1),
and 12 Sb(2)) in space group R3
–
c (Table 1, 2). Previous structural
investigations have modelled the Sb(1) site with a mixture of Zn (6.7%
ref.10,or 11% ref.7) and Sb.The substitution of n on the Sb(1) site was
originally done11 to achieve the experimental stoichiometry for ZnxSb3
known to be x = 3.95 ! 0.05; without any substitution the X-ray
toichiometry would only be x= 3.6.
In all our structure determinations, however, we find no evidence 
of Zn substitution on the Sb(1) site (Table 1). In contrast, all our
structure refinements show a deficiency of Zn on the Zn(1) site such 
that it is only about 90% occupied (corresponding to x = 3.24).
Clearly, these three atom positions are insufficient to account for the
observed Zn stoichiometry.
The MEM electron density (Fig. 3), which is not biased by any
particular structural model,shows non-spherical zinc atoms and clearly
contains at least three small but unequivocal regions of electron density,
separate from the three main atomic positions. If we assign this
additional electron density in Zn4Sb3 to interstitial Zn atoms, the
structural, chemical and physical model of Zn4Sb3 is vastly improved.
By adding three interstitial sites (Table 2),the Rvalue drops dramatically
(Table 1) from 4.3% to 2.6% and the goodness-of-fit from 2.6 to 1.4.
To demonstrate the effect of changing the structural model, some
intermediate steps are included in Table 1. Starting with the model of
Mayer7, the substitution of Zn on the Sb(1) position is eliminated, then
vacancy on the Zn(1) site is allowed,and finally Zn interstitials are added
on the basis of the extra electron density found in the MEM density map.
Each step significantly improves the R value and goodness-of-fit but
only the model with Zn-interstitials has low Rwith both stoichiometry
and density consistent with experimental observations.
The mass density and stoichiometry of the new structure
determination agrees well with the observed density and elemental
analysis. The previous structures7,10 that contain no interstitial atoms
and substitute light zinc atoms for heavier antimony are significantly
less dense than that observed experimentally (Table 1). This would be
quite exceptional because X-ray densities are almost universally slightly
greater than experimental densities, due to random vacancies.
The density of the revised structure is not only much closer to the
observed density (Table 1),but even slightly greater,as expected.
In addition, such a substitution of Zn for Sb leads to conclusions
inconsistent with the physical properties. Normally, different elements
randomly positioned on the same crystallographic site have the same or
very similar size and charge (if the charges differ, then there needs to be
some charge compensation elsewhere) and therefore similar site
energies. With little energy preference of one element over the other, a
range of relative composition for that site should be possible.
An example would be an intermetallic alloy of two similar sized,neutral
(similar electronegativity) metals that is capable of having a wide range
of compositions. However, Zn4Sb3 shows none of these properties, it is
kn wn t  be nearly a line compound with a narrow range of Zn/Sb
stoichiometry11. Furthermore, the small and electropositive Zn is
chemically very different to the large,electronegative Sb.Band-structure
calculations12 show that the Sb(1) site has a coordination sphere 
with bond distances too large for Zn. The chemical differences 
between Zn and Sb are made even more apparent by using the concepts
of valence compounds.
Valence compounds such as compound semiconductors and Zintl
phases are intermediate between insulating and intermetallic
compounds. Compound semiconductors are valence compounds
containing only covalent bonds whereas Zintl phases contain some
ionic bonding13. Regardless of the classification, the rules of valence
(valence charge balance and the octet rule) stipulate the extent of
covalent bonding between anions in analogy to lighter elements of the
same family. Like nitrogen, antimony will have formally a –3 valence
without any Sb–Sb bonding, –2 valence with one bond, –1 with two
bonds and so on. The Sb–Sb bonding can be identified in structures
from their distances, which are typically 2.9 ! 0.1 Å; distances greater
than 3.3 Å signify significantly weaker bonding14. As a consequence of
their bonding configurations, valence compounds are usually brittle,
c
cb
a
b
Sb2–
Sb3–
Zn
} Sb24–
Figure 2 The crystal structure of Zn4Sb3 without Zn interstitials.The Sb3– form
distorted hexagonal-close-packed layers with Sb2– dimers in the channels formed by the
octahedral holes.Top:view along c,Bottom:side view showing Sb2– dimers.
Table 2 Atomic coordinates and equivalent isotropic displacement
parameters (Ueq (Å
2 "103)) for single-crystal refinement of Zn4Sb3
(R3–c, a = 12.2282(3) Å, c = 12.4067(4) Å). Standard deviations are given in
parentheses.
Atom Site x y z Occupancy Ueq
Zn(1) 36(f) 0.0792(1) 0.2439(1) 0.4033(1) 0.899(5) 25(1)  
Sb(1) 18(e) 0.3555(1) 0 0.25 1 17(1)  
Sb(2) 12(c) 0 0 0.1364(1) 1 16(1)  
Zn(2) 36(f) 0.1574(14) 0.4207(17) 0.0715(17) 0.046(3) 57(6)  
Zn(3) 36(f) 0.2420(20) 0.4600(20) 0.2000(40) 0.056(6) 110(20)  
Zn(4) 36(f) 0.1260(20) 0.2367(17) 0.2760(40) 0.063(5) 170(20)
!"#$%%&'()*+!$,,-.%/./',,%%01&,23,,4#56,'-/
© 2004 Nature Publishing Group
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!
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The additional three interstitial Zn2+ atoms are distributed on three weakly occupied 
interstitial sites.[1][5]  The interstitial Zn appears to be an effective source for the phonon 
scattering.  The glass-like interstitials are largely responsible for the phonon damping that 
suppresses the lattice thermal conductivity.[1][6]  ZnSb and Zn4Sb3 have very similar 
structural and electronic properties.[7]  However, Zn4Sb3 has an unusual low thermal 
conductivity of ~ 0.9 Wm-1K-1 at room temperature, whereas the thermal conductivity of 
ZnSb is about 2.7 Wm-1K-1.  The much lower thermal conductivity of Zn4Sb3 can be 
attributed to their striking difference: the disordered interstitial sites in Zn4Sb3.  It has 
been suggested that the ideal thermoelectric material is amorphous to phonons while 
maintaining good electric transport properties.  It seems that Zn4Sb3 is a good candidate 
for the so-called electron crystal phonon glass.    
 
6.2    The Effect of Secondary Phase on the 
Thermoelectric Properties of Zn4Sb3 Compound 
6.2.1    Effect of ZnSb and Zn Inclusions on the Thermoelectric 
Properties of Zn4Sb3 
Due to the complicated structure of Zn4Sb3 and the complicated phases involved 
in Zn-Sb system, most of the reported work was focused on controlling carrier 
concentration either by doping, or simply by controlling the stoichiometry.[8]-[14]  In the 
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Zn-Sb binary system, ZnSb is also known as a p-type thermoelectric material.  Compared 
with Zn4Sb3, ZnSb has a larger Seebeck coefficient and electrical resistivity, suggesting 
that ZnSb has a larger bandgap.[15]  In contrast, Zn is a metal with lower Seebeck 
coefficient and higher electrical conductivity.  It is interesting to study whether additional 
ZnSb or Zn as the second phase can improve the thermoelectric properties of Zn4Sb3, 
keeping in mind that the lattice thermal conductivity κl of Zn4Sb3 is so low that the total 
thermal conductivity is dominated by carrier’s contribution κe.   
In our study, pure elements of zinc (99.99%) and antimony (99.999%) were 
mixed together and melted in a ceramic crucible under argon gas protection.  The 
crucible is coated with graphite.  The melts were held at 750 oC for 2 hours to insure 
homogeneity.  Since Zn has a higher vapor pressure, it will evaporate faster than Sb 
during the furnace melting, resulting in Zn loss.  Thus, extra Zn was added in our 
composition so as to compensate for the Zn loss during the melting process.  The ingots 
were ball milled for 1 hour by SPEX and the powder was then hot pressed into disc 
specimens with a diameter of 12.7 mm and a thickness of a few mm by quick dc induced 
hot pressing at 420 oC.  The volumetric density of the hot pressed samples measured by 
using an Archimedes’ kit varies from 6.0 to 6.3 g cm-3, comparable to the theoretical 
value of 6.08 g cm-3 for Zn4Sb3.  All the samples discussed in this section were prepared 
by furnace melting.  Zn4Sb3 samples were also prepared by other methods such as quartz 
tube melting and direct ball milling from Zn and Sb elements, which will be discussed in 
the next section.  
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Samples with starting compositions of Zn4+xSb3 (x = -0.3, 0, 0.2, 0.4) were 
prepared for making the ingots by furnace melting.  XRD analyses were performed to 
investigate the phase composition of the ingots from Zn4+xSb3 (x = -0.3, 0, 0.2, 0.4).    
 
Figure 6.3  XRD spectra of hot-pressed dense bulk samples from starting compositions 
Zn4+xSb3 (x = -0.3, 0, 0.2, and 0.4). 
Figure 6.3 shows the x-ray diffraction patterns for all the Zn4+xSb3 samples.  The 
sample with a starting composition Zn4.2Sb3 (x = 0.2) shows a single Zn4Sb3 phase, Figure 
6.3(c).  Either ZnSb or Zn secondary phase was detected in other compositions by XRD 
due to too much composition difference from the stoichiometry, as expected from the 
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binary phase diagram.  Excess Zn phase was observed in starting composition Zn4.4Sb3 (x 
= 0.4) because of the excess Zn, Figure 6.3(d).  Due to the deficiency of Zn in the starting 
composition Zn4.0Sb3 (x = 0), both ZnSb and Zn4Sb3 phases were observed in the final 
sample, Figure 6.3(a), (b), and (d).  When Zn content decreased to 3.7 (Zn3.7Sb3, x = -0.3) 
in the starting composition, ZnSb was identified as the dominant phase, Figure 6.3(a).  
SEM energy dispersive x-ray spectroscopy (EDS) studies found that the actual 
compositions are Zn3.27Sb3, Zn3.78Sb3, Zn3.92Sb3, and Zn4.09Sb3 for the starting 
compositions of Zn3.7Sb3, Zn4.0Sb3, Zn4.2Sb3, and Zn4.4Sb3, respectively.  The 
compositions estimated from EDS are consistent with our XRD results.   
 
x 
Starting 
Composition 
Actual 
Composition 
Phase  
Volumetric 
Density    
(g cm-3) 
Composition  
(at%) 
-0.3 Zn3.7Sb3 Zn3.27Sb3 ZnSb (92.8%) + Zn4Sb3 (7.2%) 6.192 
0 Zn4Sb3 Zn3.78Sb3   Zn4Sb3 (65.2%) + ZnSb (34.8%) 6.017 
0.2 Zn4.2Sb3 Zn3.92Sb3  Zn4Sb3  6.270 
0.4 Zn4.4Sb3 Zn4.09Sb3 Zn4Sb3 (93.3%) + Zn (6.7%) 6.341 
 
Table 6.1  Starting composition, actual composition, phase composition, and volumetric 
density of Zn4+xSb3 samples. 
Phase composition, actual composition and volumetric density for each Zn4+xSb3 
sample are listed in Table 6.1.  The phase composition was estimated by comparing the 
	   122	  
relative intensity of the reflections from the sample with that of the standard phases in 
XRD profiles.  
 
Figure 6.4  Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
thermal conductivity (c), specific heat capacity (d), thermal diffusivity (e), and ZT (f).  
The inset in (a) shows the electrical resistivity of Zn3.27Sb3. 
Figure 6.4(a) shows the temperature dependent thermoelectric properties of 
Zn4+xSb3 samples with different starting Zn concentrations (x = -0.3, 0, 0.2, and 0.4).  As 
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x increases from -0.3 to 0.4, the electrical resistivity ρ changes from semiconductor-like 
behavior to metallic-like conduction behavior. The metallic conduction behavior of x = 0, 
0.2, and 0.4, where the major phase is Zn4Sb3, is consistent with the results from the band 
structure calculation.  For Zn3.27Sb3 (x = -0.3) where ZnSb is the dominant phase, the 
electrical resistivity ρ is the highest and it shows a semiconductor-like behavior, while 
Zn4.09Sb3 from starting composition Zn4.4Sb3 (x = 0.4), with a minor Zn phase, has the 
lowest ρ.  Since ZnSb has a much higher ρ than Zn4Sb3, when the amount of ZnSb phase 
increases as x decreases, the electrical resistivity ρ is increased.  
The positive Seebeck coefficients shown in Figure 6.4(b) indicate that the holes 
are the dominant carriers.  The Seebeck coefficient of Zn4+xSb3 with x = 0, 0.2, and 0.4 
increases almost linearly with increasing temperature up to 400 oC.  Since the dominant 
phase of Zn3.27Sb3 from starting composition Zn3.7Sb3 (x = -0.3) is ZnSb, it shows a 
different trend for Seebeck coefficient from other samples and the room temperature 
Seebeck coefficient value is much higher.  The Seebeck coefficient of Zn3.27Sb3 first 
increases to 237 µVK-1 at 200 oC and then decreases when temperature further increases.  
The Seebeck coefficient of Zn3.92Sb3 from starting composition Zn4.2Sb3 (x = 0.2) with 
single Zn4Sb3 phase increases from 131 µVK-1 at room temperature to 195 µVK-1 at 400 
oC.  Zn4.09 Sb3 from starting composition Zn4.4Sb3, which has a minor Zn phase, shows a 
lower Seebeck coefficient.  There could be different scenarios for the Seebeck coefficient 
reduction.  If extra Zn is a connected phase and electrons contributed by Zn could couple 
with holes.  Zn could also serve as accepters if the Fermi level of Zn is even lower than 
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valence band edge, resulting in high carrier concentration.  In both cases, the Seebeck 
coefficient decreases and electrical conductivity increases.   
Figure 6.4(c) shows the temperature dependence of the thermal conductivity κ.  
Zn3.92Sb3 sample from starting composition Zn4.2Sb3 with pure Zn4Sb3 phase is found to 
have the lowest thermal conductivity.  It shows a κ as low as 0.77 Wm-1K-1 at room 
temperature and decreases to 0.69 Wm-1K-1 at 300 oC.  Zn4.09Sb3 from starting 
composition Zn4.4Sb3 shows a higher κ due to the Zn secondary phase, indicating the 
minor metallic phase is harmful to thermal conductivity.  With increasing secondary 
ZnSb content, Zn3.78Sb3 and Zn3.27Sb3 shows increased κ of 0.91 and 1.25 Wm-1K-1, at 
room temperature, respectively, reflecting the affect of the inclusion of high thermal 
conductivity ZnSb phase (2.7 Wm-1K-1 at room temperature) on the total thermal 
conductivity.  Despite its much higher ρ, Zn3.27Sb3, with the dominant phase of ZnSb, has 
the highest thermal conductivity. 
We also show the temperature dependent specific heat capacity and thermal 
diffusivity of all Zn4+xSb3 samples in Figure 6.4(d) and (e).  All samples have similar 
specific heat capacity values except sample Zn3.27Sb3, due to their similar compositions, 
and these values agree fairly well with the previously reported specific heat value of 
Zn4Sb3.[16]  However, Figure 6.4(e) clearly shows that the thermal diffusivity of 
Zn3.92Sb3 from starting composition Zn4.2Sb3 is the lowest among all the samples.  From 
Figure 6.4(c), we can clearly see that Zn3.92Sb3 sample with the near pure Zn4Sb3 phase 
has much lower κ than that of the samples with either ZnSb or Zn or Cu as dopant.  
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Owing to the low κ, Zn3.92Sb3 from starting composition Zn4.2Sb3 exhibits the highest ZT 
of about 1.2 at 400 oC among all the samples (Figure 6.4(f)).   
 
6.2.2    Effect of Cu Doping on the Thermoelectric Properties of 
Zn4Sb3 
Since Cu has fewer valence electrons than Zn, it is expected that an incorporating 
of Cu in Zn4Sb3 will increase hole concentration, which will increase electrical 
conductivity and decrease Seebeck coefficient.  It provides us an alternative way to adjust 
the carrier concentration other than controlling Zn/Sb ratio.  Besides, by replacing Zn 
with Cu, it is possible to avoid the compositional change due to Zn loss.  
A few Cu-doped Zn4Sb3 samples were prepared to study the effect of substitution 
of Cu for Zn on the thermoelectric properties of Zn4Sb3.  The temperature dependent 
thermoelectric properties of a 0.5 at% and 2 at% Cu doped Zn3.92Sb3 sample, with starting 
composition (Zn0.995Cu0.005)4.2Sb3 and (Zn0.98Cu0.02)4.2Sb3 respectively, are shown in 
Figure 6.5.  With only 0.5 at% Cu doping, (Zn0.995Cu0.005)4.2Sb3 shows very similar 
electrical conductivity and Seebeck coefficient to that of Zn4Sb3, but the thermal 
conductivity increases, especially at low temperature regions.  Compared to Zn4Sb3, the 
room temperature electrical conductivity of the Cu-doped sample is indeed improved by 
26%.  However, the thermal conductivity increases to 0.90, resulting in an overall lower 
ZT.  From Figure 6.5(c), we can clearly see that Zn4Sb3 sample with the pure Zn4Sb3 
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phase has much lower κ than that of both Cu doped samples.  Therefore, owing to the low 
κ, Zn4.2Sb3 exhibits the highest ZT of about 1.26 at 400 oC among all the samples (Figure 
6.5(e)).   
 
Figure 6.5  Temperature dependent electrical conductivity (a), Seebeck coefficient (b), 
Power factor (c), thermal conductivity (d), and ZT (e) of 2 at% and 0.5 at% Cu-doped 
Zn4.2Sb3 samples and Zn4.2Sb3 as a reference. 
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For our best Zn4.2Sb3 sample, the electron’s contribution to the thermal 
conductivity, estimated by Wiedemann-Franz law, is about 0.6 Wm-1K-1 at 400 oC, while 
the total thermal conductivity is only 0.74 Wm-1K-1.  The thermal conductivity of Zn4Sb3 
is dominated by κe.  Since we didn’t observe any thermal conductivity reduction due to 
the extra point defect scattering introduced by the Cu inclusions, thus the thermal 
conductivity increases more than the increase in the electrical conductivity, resulting in a 
deteriorated ZT.   
  
6.2.3    Microstructure Characterization and Discussion 
It is known that the low lattice thermal conductivity of Zn4Sb3 is mainly attributed 
to the enhanced phonon scattering mechanism caused by the interstitial disordered Zn 
over multiple positions in Zn4Sb3 structure.[1][17]  In order to further investigate the 
mechanism of the low thermal conductivity of Zn4Sb3 samples, TEM studies of Zn3.92Sb3 
were carried out.   
Figure 6.6(a) shows the TEM image of Zn3.92Sb3 nanopowders from starting 
composition Zn4.2Sb3 obtained after ball milling the ingot for 1 hour.  The nanoparticle 
size is around 5 - 20 nm.  Unlike nanopowders of many other material systems prepared 
by ball milling, where nanoparticles are highly agglomerated [18]-[20], Zn3.92Sb3 
nanopowders are fairly well dispersed.  This may help explain why we observed higher κ 
for samples with longer ball milling time.  Since Zn is volatile and ductile, it may 
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decompose from Zn4Sb3 due to the localized high temperature, and its nanoparticles will 
start to agglomerate and enlarge by cold welding during the high-energy ball milling 
process.   
 
Figure 6.6  TEM images of the as-prepared nanopowders (a), hot-pressed Zn3.92Sb3 
sample (b) from starting composition Zn4.2Sb3, ZnSb nanoparticles (c) with a Zn:Sb ratio 
of 1.03, and Zn-rich nanoparticles (d). 
Figure 6.6(b) shows that the grain size of the hot-pressed sample is in the range of 
300 - 600 nm, which is much larger than the original nanopowder particle size of about 
10 nm, indicating a significant grain growth.  The size of nanoparticle is essential in 
reducing the lattice thermal conductivity, which is the dominant part of the total thermal 
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conductivity for Zn4Sb3. It is possible to further increase the ZT value of Zn4Sb3 by 
making smaller grains.[21]  However, preventing grain growth during hot pressing 
remains a big challenge.  In addition, nano voids of size 10 - 30 nm were observed mostly 
along the grains boundaries, Figure 6.6(b).  Even larger pores of about 100 - 150 nm were 
also observed inside the grains.  While this kind of porosity was not found in Zn3.27Sb3 
sample whose major phase is ZnSb, the nano voids is likely caused by Zn loss in Zn4Sb3 
samples.  HRTEM (Figure 6.6(c)) shows that there are many nanoparticles precipitated 
along the edge of the pores.  The energy dispersive x-ray spectroscopy (EDS) result 
shows that these nanoparticles are mostly ZnSb with Zn:Sb of about 1.03.  Zn-rich (Zn% > 
70 at%) nanoparticles were also detected either at the grain boundary or the edge of the 
pores as shown in Figure 6.6(d).  However, since there is no ZnSb or Zn phase detected 
in Zn3.92Sb3 sample by XRD due to the detection limit, the quantities of ZnSb and Zn-rich 
precipitates are negligible.  The formation of Zn-rich nanoparticles could be related to the 
diffusion and decomposition of Zn4Sb3.  It is reported that Zn starts to precipitate into 
Zn4Sb3 matrix for Zn:Sb ratios more than 1.30.[22]  The diffusivity of Zn is much higher 
than that of Sb, and Zn is highly mobile in Zn4Sb3,[1][23][24]  therefore the rapid 
diffusion of Zn could lead to Zn precipitation from the weakly occupied interstitial sites, 
subsequently leaving behind the nano voids and ZnSb nano-sized precipitates.  However, 
since Zn is very volatile at the high temperatures and there are many phase transitions 
involved near β-Zn4Sb3 in the phase diagram, the cause of the nano voids and nano 
precipitates need further careful studies.  While Zn interstitials significantly scatters short 
wavelength phonons,[25] nano voids and nanoparticles are effective at scattering 
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intermediate-to-long-wavelength phonons to further reduce lattice thermal conductivity 
by scattering a wide phonon spectrum.[26][27]  Since the size of Zn-rich nanoparticles 
and nano voids falls between the electron and phonon mean free path, it disturbs the 
phonon transport more than electron transport.[28]  All these factors together make the 
Zn3.92Sb3 sample resemble a phonon glass and electron crystal. 
 
6.3    Different Synthesis Approaches for Zn4Sb3 
Compound 
It has been difficult to obtain crack-free Zn4Sb3 samples with the desired single β-
Zn4Sb3 phase.  This is due to the complicated Zn-Sb phase diagram and Zn loss at high 
temperatures.  There is a phase transformation occurring at 765 K.  The γ-Zn4Sb3 and β- 
Zn4Sb3 phases might have different coefficient of expansion, resulting in stresses during 
cooling and causing crack formation.   
We have tried different synthesis approaches to prepare Zn4Sb3 samples, 
including direct ball milling from elements, furnace melting and quartz tube melting.  
The ball milling and furnace melting approaches are already described in previous 
sections.  As for the quartz tube melting approach, Zn and Sb chunks in stoichiometric 
ratio were melted in sealed quartz ampoules.  The quartz ampoule was coated with 
graphite (Figure 6.7).  The melts were held at 750 oC for 2 hours for homogenization and 
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then quenched in water.  The ingots were ball milled by SPEX for 1 hour, and followed 
by DC hot press.   
 
Figure 6.7  Graphite coated quartz ampoule. 
The temperature dependent thermoelectric properties of Zn4.2Sb3 prepared by 
different methods are shown in Figure 6.8.  Samples made by furnace melting and quartz 
tube melting show very similar electrical transport properties.  A peak ZT of 1.26 at 400 
oC is obtained in both samples (Figure 6.8(e)).  Zn4.2Sb3 sample prepared by quartz tube 
melting has relatively lower thermal conductivity up to 400 oC, and, therefore, a higher 
average ZT.  
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Figure 6.8 Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of Zn4.2Sb3 prepared by direct ball 
milling (12 hours), furnace melting and quartz tube melting approaches. 
The Zn4Sb3 sample prepared by direct ball milling (12 hours ball milling) has the 
highest electrical resistivity and lowest thermal conductivity among three samples (Figure 
6.8(a) and (d)).  This can be mainly attributed to the increased scattering by smaller size 
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of the grains, strains and defects caused by long time ball milling.  However, the 
reduction in the electrical conductivity is more than the reduction in the thermal 
conductivity, resulting in a lower peak ZT of 1.2 at 400 oC (Figure 6.8(e)).  
Overall, compared to direct ball milling approach, it is easier to control the final 
samples’ actual compositions by using furnace or quartz tube melting approach.  Since 
Zn is very ductile, Zn sticks to the wall of the ball mill jar during ball milling process, 
which makes it difficult to control the actual Zn ratio.  Beside, because there is a lot of 
defects and stress caused by long time ball milling, it is also more difficult to make crack-
free samples using the direct ball milling approach.  
 
6.4    Summary 
In summary, Bulk Zn4+xSb3 (x = -0.3, 0, 0.2 and 0.4) samples were prepared to 
show that either ZnSb or Zn secondary phase exists depending on the starting 
composition.  A peak ZT of about 1.26 at 400 oC is observed in single Zn4Sb3 phase from 
the starting composition Zn4.2Sb3 due to the very low thermal conductivity.  Besides the 
well-known interstitial Zn site scattering, ZnSb nanoparticles, Zn-rich nanoparticles and 
nano void caused by the diffusion of the Zn seem to further increase phonon scattering 
substantially to achieve a low thermal conductivity of 0.69 Wm-1K-1 at 300 oC.   
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The Zn4Sb3 compounds have been synthesized by different approaches.  The best 
peak ZT of about 1.2 at 400 oC was obtained by using both furnace melting and quartz 
tube melting approaches.  The direct ball milling approach, which works well in other 
material systems described in previous chapters, is not effective in Zn4Sb3 system, mainly 
because Zn is very ductile and it is difficult to control the Zn loss during the ball milling 
process.  
Besides, since the lattice thermal conductivity of Zn4Sb3 is very low and it is 
dominated by the contribution from the carriers, we tried Cu doping in order to modify 
the electrical conductivity of Zn4Sb3 compound.  However, the thermal conductivity 
increases more than increase in the electrical conductivity in Cu-doped Zn4Sb3, resulting 
in lower ZT. 
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Summary  
Thermoelectric materials have attracted attention because of their ability to 
convert heat energy directly into electrical energy, or vice versa.  However, today 
thermoelectric devices are not in common use.  This is partly because figure-of-merit 
(ZTs) of most thermoelectric materials are not high enough, resulting in relatively low 
efficiency of the thermoelectric devices.    However, the thermoelectric material research 
has recently seen remarkable progress on improving thermoelectric properties due to the 
thermal conductivity reduction by nanostructuring.  
This thesis focuses on developing high ZT thermoelectric materials by using the 
nanocomposite approach.  Chapter 3 and 4 describe the synthesis and characterization of 
the Si and Si1-xGex (x < 0.1) systems.  The effect of increased phonon scattering on the 
thermal conductivity is clearly presented in the n-type nanostructured Si where there is no 
alloying scattering.  The Si1-xGex samples were synthesized by ball milling and hot 
pressing.  ZT has been improved by a factor of three in our nanostructured n–type Si95Ge5, 
compared to polycrystalline bulk Si.  While the peak ZT of 0.95 in the nanostructured 
Si95Ge5 is as good as conventional Si80Ge20 alloys, the cost of the material is greatly 
reduced, making this materials an attractive candidate for large-scale power generation 
application.  The ZT improvement mainly comes from the thermal conductivity reduction 
due to increased phonon scattering at the nanograin boundaries.  Moreover, modulation 
doping technique was applied to improve the power factor (S2σ) of Si1-xGex 
nanocomposite.  The power fact or electrical conductivity enhancement can be attributed 
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to the reduced electron ionized impurity scattering because of the spatial separation of the 
carriers and the dopants.  However, the ZT of n-type Si1-xGex alloys is not improved 
much due to the similar amount of the increase in the thermal conductivity in modulation 
doped samples.  
Nanocomposite approach has also been applied to other different material systems, 
such as In4Se3 and Zn4Sb3.  In chapter 5, I showed that it is possible to control the 
electrical conductivity and thermal conductivity by controlling selenium (Se) deficiency.  
Thus, it provides us an effective way to control the carrier concentration so as to optimize 
ZT.  By making nano-size grains, the lowest thermal conductivity of In4Se2.2 is reduced to 
only 0.41 Wm-1K-1, compared with 0.7 Wm-1K-1 in single crystal In4Se3.  As a result, a 
peak ZT of about 1 is achieved in In4Se2.2 at 425 oC, which is more than 40% 
improvement over the polycrystalline In4Se3.   
In Chapter 6, I discussed the effect of secondary phases on the thermoelectric 
properties of Zn4Sb3.  Zn4Sb3 nanopowders were prepared by either direct ball milling or 
furnace/quartz tube melting followed by ball milling.  The highest ZT of 1.3 was 
observed in the sample with a single β-Zn4Sb3 phase.  Microstructure study suggests that 
the nano inclusions in Zn4Sb3 might be caused by the volatile diffusion of the interstitial 
Zn.  It gives us another insight to understand the phonon scattering sources of Zn4Sb3 
besides the well-known interstitial sites scattering.   
Nanocomposite approach has been successfully applied to many material systems 
to enhance ZT by significantly reducing the lattice thermal conductivity.  The thermal 
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conductivity could be further reduced if grain growth can be prevented during the hot 
press.  Besides, modulation doping in nanocomposite materials is worth further 
investigations.  If the right host and dopant materials can be found, it could be another 
breakthrough in thermoelectric research that one can reduce the thermal conductivity and 
improve the power factor at the same time, leading to a truly high ZT of about 2.  
 
